THE JOURNAL 


OF 


BIOLOGICAL CHEMISTRY 


FOUNDED BY CHRISTIAN A. HERTER AND SUSTAINED IN PART BY THE CHRISTIAN A. HERTER 


MEMORIAL FUND 


EDITED FOR THE AMERICAN SOCIETY OF BIOLOGICAL CHEMIS 


EDITORIAL BOARD 


RUDOLPH J. ANDERSON 
REGINALD M. ARCHIBALD 
ERIC G. BALL 

ARNOLD KENT BALLS 
KONRAD BLOCH 

GEORGE BOSWORTH BROWN 
HERBERT E. CARTER 
WALDO E. COHN 

CARL F. CORI 

EDWARD A. DOISY 

JOHN T. EDSALL 

JOSEPH S. FRUTON 
WENDELL H. GRIFFITH 


SAMUEL GURIN 
A. BAIRD HASTINGS 
LESLIE HELLERMAN 
ALBERT L. LEHNINGER 
STANFORD MOORE 
HANS NEURATH 
SEVERO OCHOA 
ESMOND E. SNELL 
WARREN M. SPERRY 
DEWITT STETTEN, Jr. 
EDWARD L. TATUM 
HUBERT B. VICKERY 
VINCENT pu VIGNEAUD 


O. WINTERSTEINER 


VOLUME 217 
BALTIMORE 


1955 


| 
XUM 


1955 
BY 


THE AMERICAN SOCIETY OF BIOLOGICAL CHEMISTS, INC, 


PUBLISHED AT YALE UNIVERSITY FOR 
THE AMERICAN SOCIETY OF BIOLOGICAL CHEMISTS, INC. 
WAVERLY PRESS, Inc. 
Battmore 2, U.S. A. 


SEA 


Day 


Hor 
( 
BINK 
ZILL: 
I 

Vick 
l 

RoskE 
n 

n 


GIBBS 
1- 
GROSS 
ra 


SALE 
NEW 
| 
| 
| 
Hurr 
LITTI 
P 
li 
| a 
| BAND 
ts 
KIMM 
| 
Yiim 


CONTENTS OF VOLUME 217 


No. 1, NOVEMBER, 1955 


SEAMAN, GERALD R., and NascukKE, Mary DELL. Reversible cleavage of suc- 

Davis, FRANK F., and ALLEN, FRANK WorRTHINGTON. The action of ribonu- 
clease on synthetic 

SAIFER, ABRAHAM, and Corey, Haroup. Electrophoretic mobility - -ionic 
strength studies of proteins. II. Species differentiation of cross-reacting 

NEWMAN, JoYcE K., BERENSON, GERALD S., MATHEWS, Martin B., Goupw AS- 
SER, EUGENE, and DorrMaANn, ALBERT. The isolation of the non- — 
hyaluronidase inhibitor of human blood.................... 

Biock, WALTER D., and Jounson, Dorts V. Studies of the enzymes of purine 
metabolism in skin. I. Guanase activity of rat skin........ ne 

HormMann, Kiaus, Hstao, CuHao-Y1ina Yuan, HeEnts, Dov B., and Panos, 
CHARLES. The estimation of the fatty acid composition of bacterial lipides. 

PoPENOE, Epwin A. Characterization of a glycoprotein in the urine of patients 

BINKLEY, FRANc1s, and Boyp, Mur1eEL. Catalytic cleavage of thioamino acids. 

ZILLIKEN, FRIEDRICH, SMITH, PHYLLIS N., RosE, CATHARINE S8., and GyOrGy, 
PauL. Synthesis of 4-O-8-p-galactopyranosyl-N-acetyl-p-glucosamine by 
intact cells of Lactobacillus bifidus var. pennsylvanicus..... 

VickERY, HUBERT BRADFORD. The metabolism of the organic acids of sobaces 
leaves. IX. Effect of culture of excised leaves in solutions of oxalate and 
succinate in the presence of cyanide.......................... 

Rose, C., and Wixom, Rospert L. The amino acid requirements of 

man. XIV. The sparing effect of tyrosine on the phenylalanine require- 


HLUFFMAN, Max N., Lorr, Mary Harriet, and ALBERT. 16-Sub- 
stituted steroids. XIV. A new synthetic route to | 
HurrmMan, Max N., Lorr, Mary HARRIET, and TILLoTson, ALBERT. 16-Sulb- 
stituted steroids. XV. A new synthetic method for 16-ketosteroids... 
LITTLEFIELD, JOHN W., KELLER, ELIZABETH B., Gross, JEROME, and ZAMECNIK, 
Pau. C. Studies on cytoplasmic ribonucleoprotein particles from the 
CAMIEN, MERRILL N., and Dunn, Max 8S. Utilization of L- and p-glutamic 
acids and u-glutamine by aspartic acid-resistant strains of Lactobacillus 
BANDURSKI, RoBERTS. Further studies on the enzymatic synthesis of oxalace- 
tate from phosphorylenolpyruvate and carbon dioxide . 
KIMMEL, J. R., THompson, E. O. P., and Smitu, Enit L. Crystalline papain. 
V. Cystele acid and cysteic atid peptides from oxidized papain.. 
GiBBs, MARTIN, EARL, JOAN M., and Ritcni£, JEAN I.. Metabolism of riboee- 
1-C™ by cell-free extracts of 
Gross, Date, and TARVER, Haronp. Studies on ethionine. IV. The incorpo- 
ration of ethionine into the proteins of Tetrahymena...... ae. 


iil 


PAGE 


13 


111 


1 
|| 
23 
31 
43 
49 
61 
67 
| 
9 
| 
83 
Q5 
103 
107 
|| 
| 125 
| 137 
| 151 
161 
| 169 
| 3038 


iv CONTENTS 


Korn, D., and BucHanan, JounM. Biosynthesis of the purines. VI. 
Purification of liver nucleoside phosphorylase and demonstration of nu- 
cleoside synthesis from 4-amino-5-imidazolecarboxamide, adenine, and 

Rapport, Maurice M., and Atonzo, NicHOoLAS. Photometric determination 
of fatty acid ester groups in phospholipides................0.0.........2.. 

Rapport, Maurice M., and ALonzo, NicHOLAS. Identification of phosphatidal 
choline as the major constituent of beef heart lecithin................... 

DINNING, JAMES S., SIME, JoHN T., and Day, Paut L. The influence of vita- 
min E deficiency on the metabolism of sodium formate-C™ and glycine- 

Brapy, Roscoe ©. Fluoroacetyl coenzyme 

HAYMAN, SELMA, SHAHINIAN, S.S., WrLuraMs, J. N., JR., and ELVEHJEM, C. A. 
Effect of 3-acetylpyridine on pyridine nucleotide formation from trypto- 

TuLru.e, P. G., and WituiaMs, J. N., Jk. Study of the réle of essential fatty 

Piaut, G. W. E. An inosinediphosphatase from mammalian liver........... 

HatsEy, Yapvica Dowmont, and Neuratu, Hans. The terminal carboxyl 
groups of denatured yeast triosephosphate dehydrogenase................ 

VALLEE, Bert L., and Neuratu, Hans. Carboxypeptidase, a zine metallo- 

Scumip, Rupi, Ficen, JANIE F., and ScHwartz, SAMUEL. I¢xperimental por- 
phyria. IV. Studies of liver catalase and other heme enzymes in Sedormid 

FRISELL, WILHELM R., and MAcKENzIE, Cosmo G. The binding sites of sar- 

vAN Eys, Jan, Touster, Oscar, and DarsBy, Witi1AM J. The purification of a 
glucuronide of nicotinic acid from rat urine........................6.055. 

Remy, Cuarves N., Ricnert, Dan A., Dorsy, Ricuarp J., WELLS, [BERT C., 
and WesTERFELD, W.W. Purification and characterization of chicken liver 

Doisy, Ricuarp J., RicHertT, Dan A., and WESTERFELD, W. W. Comparative 
studies of various inhibitors on xanthine oxidase and related enzymes... . 

Apams, Evisan. Synthesis and properties of an a-amino aldehyde, histidinal. 

Apams, Exigan. L-Histidinal, a biosynthetic precursor of histidine.......... 

YANOFSKY, CHARLES. An isotopic study of the conversion of anthranilic acid 

Levy, ANTHONY L., and Li, Cuon Hao. Identification of N-terminal] residues 
of hypophyseal growth hormone by the phenylthiocarbamy] method... __ 

ROSENBERG, Lawson L., and Arnon, DanitEL I. The preparation and prop- 
erties of a new glyceraldehyde-3-phosphate dehydrogenase from photo- 

FRAENKEL-ConrRAT, He1nz. The reaction of tobacco mosaic virus with iodine. 

Cuance, Britron, and WiiuramMs, G. R. Respiratory enzymes in oxidative 
phosphorylation. I. Kinetics of oxygen utilization...................... 


Britron, and G. R. Respiratory enzymes in oxidative 
phosphorylation. 
CHANCE, Britton, and G. R. 
phosphorylation. 


Respiratory enzymes in oxidative 


ITI. The steady state... 


183 


193 


317 
325 


345 


355 


361 


373 


383 


409 


WIL 


GREE 
ti 
ZVEGL 
AY 
SAn 
ti 
SAN P 
GAMB 
re 
Popo. 
on 


| 
|| (4; 
199 | 
205 | 
213 | 
Wat 
225 | 
224) 
235 LUE’ 
247 
253 
263 Dre 
279 
I 
287 
293 
307 
| | 
| | 
|| Ps 
a 
= WELLS 
WEBST 
395 
se 
VARGA 


CONTENTS 


Cnance, Britton, and G. R. Respiratory enzymes in oxidative 
phosphorylation. IV. The respiratory 
(nuance, Britron, Wituiams, G. R., Hotmes, F., and HiaGarns, 
JoseErH. Respiratory enzymes in oxidative phosphorylation. V.A mecha- 
Castor, LaRoy N., and Cuance, Brirron. Photochemical action spectra of 
WILLIAMS, VIRGINIA R., and McIntyre, T. Preparation and partial 
purification of the aspartase of Bacterium cadaveris...................... 
Tsao, MAKEPEACE U., SETHNA, SHIRLEY S., SLOAN, CHARLES H., and Wyn- 
GARDEN, LILLIAN J. Spectrophotometriec determination of the oxygen 
Watters, C. J., Brown, R. R., Karnara, Masako, and Price, J. M. The ex- 
cretion of N-methyl-2-pyridone-5-carboxamide by man following ingestion 
of several known or potential precursors.....................0...0.0..005. 
KinaRA, Hayato, Prescorr, J. M., and SNELL, Esmonp Kk. The bacterial 
cleavage of canavanine to homoserine and guanidine..................... 
LUETSCHER, J. A., JR., Dowpy, A., Harvey, J., NEHER, R., and WETTSTEIN, 
A. Isolation of crystalline aldosterone from the urine of a child with the 
Hurwitz, JERARD. I¢nzymatie phosphorylation of vitamin analogues and 


No. 2, DecemMBER, 1955 


Dreyer, WILLIAM J., and Neuratu, Hans. The activation of chymotrypsino- 
gen. Isolation and identification of a peptide liberated during activation. 
Boxer, GeorGcE Suonk, C. Sroerk, HERBERT C., BrELINSKI, T. C., and 
Bupzitovicn, T. V. Pantoylaminoethanethiol, an antagonist of panto- 
thenic acid and pantetheine active in vitro and in the rat................ 
GREEN, D. E., Mur, S., and Konout, P. M. Studies on the terminal electron 
transport system. I. Suceinic dehydrogenase............................ 
ZIEGLER, DANIEL M., and Metcnior, JACKLYN B. Activation of the amino 
acid-incorporating system of rat liver slices upon incubation............. 
San Prerro, ANTHONY. On the structure of the diphosphopyridine nucleo- 
San Pretro, ANtHonNy. Base-catalyzed deuterium exchange with diphospho- 
GAMBLE, JAMES L., JR., and Najjar, Vicror A. Studies of the kinetics of the 
reverse reaction of yeast 
Popotsky, RicHarp J., and Sturtevant, JULIAN M. The enthalpy change 
on adenosine triphosphate hydrolysis. I.................0........00.005. 
WeimperG, R., and Doupororr, The oxidation of L-arabinose by 
B. L., Gorpon, J. S., BRuemMeErR, J. H., and Hocan, A.G. Effect of 
a vitamin B;. deficiency and of fasting on oxidative enzymes in the rat. . 
WELLS, IBERTC. Antimetabolites of choline. Studies in young rats......... 
WessTER, GeorGE C., and Jonnson, Mary PERRINE. Effects of ribonucleic 


acid on amino acid incorporation by a particulate preparation from pea . 


VareGa, Laszto. Studies on hyaluronie acid prepared from the vitreous body. 


4290 


439 


453 


467 


479 


489 


497 


527 


541 


641 
651 


\ 
| 
| 
505 
513 
) 
551 
569 
‘ 579 
5 
589 
595 
5 
603 
607 
625 
83 631 
| 


V1 CONTENTS 


FORKER, BLUEBELL READE, and MORGAN, AGNES Fay. Cause of pituitary- 
adrenal failure in the riboflavin-deficient rat.............. 

CAMPBELL, L. LEON, JR. The oxidative degradation of glycine by a Poeuile- 

NARAHARA, H. T., Tomizawa, Henry H., MILLER, RutTuH, and WILLIAMS, 
RoBERT H. Intracellular distribution of an insulin-inactivating system of 


Tomizawa, Henry H., and WiLiiams, Ropert H. Studies on the specificity 

WacusMaN, J. T., and BARKER, H. A. Tracer experiments on glutamate fer- 

TALLAN, Harris H., BELLA, S. THEODORE, STEIN, WILLIAM H., and Moore, 
STANFORD. Tyrosine-O-sulfate as a constituent of normal human urine | 

CHEN, VOEGTLI, Sytvia M., and FREEMAN, SMITH. Estimation of 

Tapre.L, A. L. Unsaturated lipide oxidation catalyzed by hematin compounds. 

DournHin, JOHN L., and FRIEDEN, Earu. Biochemistry of amphibian meta- 

MaRINnETTI, G. V., and Stotz, Oxidation effects of in 

lyon, I., Geyer, R. P., and Marswauu, Linpa D. Further studies in fatty 
acid metabolism and hepatic 

SEEGMILLER, C. G., AXELROD, BERNARD, and McCreEapy, R. M. Conversion 
of glucose-1- cu to pectin in the boy 

La Du, Bert N., and ZANNONI, VINCENT G. The tyrosine sy of 
liver: II. Oxidation of p-hydroxypbenylpyruvic acid to homogentisic 

Rapin, NORMAN Lavin, FRANCES B., and Brown, JAMES KR. Determination 

HALumpay, JUNE W., and ANDERSON, LAURENS. The synthesis of myo- inositol 

SNELL, E., RApIN, NORMAN 8., and Ikawa, Miryosni. The nature of 
p-alanine in lactic acid 

BreGcorr, HertTAa M., and Detwicue, C. C. The formation of ¢ +holine and be- 
taine in leaf disks of Beta vulgaris............0........... 

CHERNICK, SIDNEY S., Mog, JANET G., RODNAN, GERALD P., and SCHWARZ, 
Kaus. A metabolic lesion j in necrotic liver degeneration 
SmitH, Donatp G., and Youna, Gorvon. The combined amino acids in 

Racker, Ek. Glutathione reductase from bakers’ yeast and beef liver. 

Racker, E. Glutathione-homocystine transhydrogenase...... 

Kxorn, Epwarp D., Remy, CHARLES N., WASILEJKO, Haine C., and Bu. - 
CHANAN, JOHN M. Biosynthesis of the purines. VIL. Synthesis of nucleo- 
tides from bases by partially purified enzymes............ at 

Remy, N., Remy, Wanpa Taytor, and BUCHANAN, Joun M. Bio- 
synthesis of the purines. VIII. Enzymatic synthesis and utilization of 

WueEat, Rospert W., and Samven J. Citritase, the citrate- uplitting en- 
zyme from coli. I. Purification and properties... 

Rospert W., and SAMUEL J. Citritase, the citrate- splitting « en- 
zyme from Escherichia colt. Il. Reaction mechanisms... 


659 


660 


S75 


SS5 


S97 


909 


R 


Is 


| 
Ix 
| | Ix 
R 
iver 675 
R 
OSS | 
Ci 
695 
703 
709 
73D 
745 
705 
789 
S19 
St) 
845 
S55 
S67 
| | 
| | 
| | 
|| 


CONTENTS 


DoyLe, Mites L., KarzMan, A., and Dotsy, A. Production 
and properties of bacterial B-glucuronidase............................. 
Kocu, ArtHURL. The kinetics of glycine incorporation by Escherichia coli. 
Kocu, ArTHUR L., and LEvy, H. RicHarp. Protein turnover in growing cul- 
Retssic, L., StRoMINGER, Jack and LELorr, Luis F. A modified 
colorimetric method for the estimation of N-acetylamino sugars. . 
Rosecan, Marvin, Ropnan, GERALD P., CHERNICK, SIDNEY S8., and Scuw ARZ, 
Kaus. Acetate-2-C' utilisation i in necrotic liver degeneration. . 
GoopMAN, ALBERT, WEIL, RoGER M., and STERN, KurtG. On the mechanism 
of dextran formation. Chromatographic studies with C!*-labeled sugars. 
Rose, C., Wrxom, Ropert L., LockHArT, HAINEs B., and LAMBERT, 
G. FrepERIcK. The amino acid requirements of man. XV. The valine 
requirement; summary and final observations............................ 
Rose, WiLL1AM C., and Wrxom, Rosert L. The amino acid requirements of 
man. XVI. The réle of the nitrogen 


Vil 


|| 
921 
931 
54 
| 947 
5 | 959 
967 
977 
987 
1005 
5 
5 | 


by th 
hance 
*A 
1T] 
diphos 


coenz} 
diphos 
Pi, ine 
methy. 


| 
| 
Tl 
follo 
acid: 
enat 
obse 
tion) 
cally 
chro 
to su 
a fla 
Witk 
strat 
ratio 
hydr 
not t 
Th 
olism 
acety 
In 
effect 
homo 
nate | 
aaa 


REVERSIBLE CLEAVAGE OF SUCCINATE BY EXTRACTS 
OF TETRAHYMENA* 


By GERALD R. SEAMAN anp MARY DELL NASCHKE 


(From the Carter Physiological Laboratory, University of Texas Medical 
Branch, Galveston, Texas) 


(Received for publication, January 19, 1955) 


The inability of succinate to stimulate respiration of living ciliates (1) 
follows from the impermeability of the ciliate membrane to dicarboxylic 
acids (2). Both Seaman (3) and Eichel (4) have demonstrated that homog- 
enates of Tetrahymena oxidize succinate aerobically. Ryley (5), however, 
observed only anaerobic metabolism of succinate (methylene blue reduc- 
tion) by extracts of this organism; the substrate was not oxidized aerobi- 
cally. Both Ryley and Eichel were unable to detect the presence of cyto- 
chrome oxidase activity in ciliate cell-free preparations. This led Eichel 
to suggest that the succinic oxidase system of Tetrahymena contains either 
a flavoprotein or a metalloprotein not identical with cytochrome oxidase. 
With certain preparations of ciliate homogenates it is possible to demon- 
strate cytochrome oxidase activity (6). However, even in these prepa- 
rations, the low activity of cytochrome oxidase in comparison with the de- 
hydrogenase activity indicates that the usual succinic oxidase system is 
not the sole, or even the main, pathway operative in the ciliate. 

This report presents evidence that a major pathway of succinate metab- 
olism in Tetrahymena is the cleavage of succinate to form 2 molecules of 
acetyl CoA.! 


EXPERIMENTAL 


In agreement with the observations of Eichel (4), added cytochrome c 
effects only a slight increase in oxidation of succinate by whole ciliate 
homogenates. However, if large particles are removed from the homoge- 
nate by slow centrifugation (1000 X g for 20 minutes), succinate oxidation 
by the supernatant fluid, as previously reported (3), is significantly en- 
hanced by the addition of cytochrome c. Table I shows that the precipi- 


* Aided by grants E-159 and G-3364 from the United States Public Health Service. 

1 The following abbreviations are used: DPN*+ and DPNH, oxidized and reduced 
diphosphopyridine nucleotide; TPN*, oxidized triphosphopyridine nucleotide; CoA, 
coenzyme A; ATP, adenosine triphosphate; FAD, flavin adenine dinucleotide; DPT, 
diphosphothiamine; ADP, adenosine diphosphate; AMP, adenosine monophosphate; 
P;, inorganic orthophosphate; PP, inorganic pyrophosphate; Tris, tris(hydroxy- 
methyl)aminomethane; GSH, glutathione. 
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tate when resuspended in 0.1 mM phosphate buffer, pH 7.4, oxidizes succinate 
rather slowly; the addition of cytochrome c has only a slight stimulatory 
effect. However, the addition of boiled Tetrahymena juice greatly en- 
hances succinate oxidation by the resuspended precipitate; the boiled juice 
has only a slight effect on the oxidation carried out by the whole homoge- 


TaBLeE 
Oxidation of Succinate by Tetrahymena Fractions 
Each flask contained the following components, in a volume of 2.7 ml., 400 umoles 
of sodium succinate, 270 wmoles of phosphate buffer, pH 7.4, 3.2 uwmoles of calcium 
chloride, 3.2 uzmoles of aluminum chloride, and the respective enzyme fractions as 
indicated. Incubation was in air at 27°. 


Oz uptake per hr. per mg. protein 


Additions 
Homogenate | Ppt. 
ul. ul. ul. 
0.04 umole cytochrome c..........., 62 | & 68 i3 | 19 
20 mg., dry weight, ciliate boiled | | 
juice + 0.04 umole cytochrome c.. 71 25 | 45 | 80 75 581 


TABLE II 
Cofactor Requirements for Succinate Oxidation by Tetrahymena Precipitates 


The complete system contained in 2.7 ml. the components listed in Table I. In- 
cubation was in air at 27°. The enzyme was the precipitate fraction. 


Additions Os uptake per hr. per mg. protein 
ul. 
20 mg., dry weight, boiled ciliate juice....... 79 
20 units CoA + 15 pmoles ATP..........................| 74 


nate and by the supernatant fraction. The supernatant fraction of the 
ciliate homogenate thus oxidizes succinate by the conventional succinic 
dehydrogenase-cytochrome system, whereas the oxidation effected by the 
precipitate fraction is by a pathway not identical with the conventional 
system. 

Table II shows that the boiled Tetrahymena juice may be replaced by 
ATP and CoA. The addition of FAD, DPN*+, TPN+, or DPT is without 
effect on the oxidation of succinate carried out by the precipitate. 
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The requirement for CoA and ATP suggested that this reaction of suc- 
cinate may involve a decarboxylation in a manner similar to that observed 
with extracts of propionibacteria and certain micrococci, in which succinyl 
CoA and propionyl CoA are intermediates (7). Although anaerobically 
the ciliate precipitate fraction forms acyl groups, this is accompanied by 
only a slight amount of COs evolution (Table III). In addition, omission 
of CoA, ATP, or substrate, which greatly reduces acyl group formation, 
has no effect on the rate of evolution of even this small amount of CQz. 
The COz formation is thus not a consequence of succinate utilization, but 
is derived from the endogenous metabolism of the preparation. The hy- 
droxamate formed in the presence of succinate, ATP, CoA, and hydroxyl- 


TaB_eE III 
Acyl Group Formation by Ciliate Precipitate Fraction 


The complete system contained, in a volume of 2.7 ml., 400 wmoles of sodium suc- 
cinate, 270 uymoles of phosphate buffer, pH 7.4, 70 umoles of KF, 40 umoles of MgCl:, 
20 units of CoA, 15 wmoles of K ATP, 500 umoles of neutralized hydroxylamine, 25 
umoles of GSH, and Tetrahymena precipitate containing 6.2 mg. of protein. Incuba- 
tion was for 90 minutes at 27° under No. 


Components | CO: formed Acyl a acid 
umole pmoles 


amine was isolated by ethanol extraction (8) and identified as acetyl hy- 


' droxamate by paper chromatography with water-saturated butanol as 


solvent. The developed chromatograms show a single spot at Rr = 0.51. 
Mixtures of the ethanol-extracted hydroxamate and of acetyl hydroxamate 
prepared from synthetic acetyl phosphate yield a single spot on the chro- 
matograms. This excludes the possibility of a succinyl intermediate, since 
in this system succinyl hydroxamate has an Ry of 0.09. 

Requirement for DPNH—The cofactor requirements of the acetyl hy- 
droxamate-forming system were reexamined by using the precipitate frac- 
tion, which was washed three times with a solution containing 0.1 m Tris 
buffer, pH 8.4, and 0.005 m cysteine and was resuspended in the same solu- 
tion. The extract was then dialyzed 12 to 16 hours against the cysteine- 
Tris buffer solution. Table IV illustrates that this crude preparation re- 
quires a source of DPNH, as supplied by DPN*, in the presence of lactic 
dehydrogenase and lactate. TPN* does not replace DPN*. The reaction 
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also requires magnesium ions. The addition of orthophosphate has no 
effect on the rate of the reaction. Arsenite was added to the mixtures to 
inhibit activity of pyruvic oxidase (9), which is present in the preparation; 
an oxime-splitting system (10) is also active. 

Products of Reaction—It was suspected that the primary reaction of the 
ciliate precipitate fraction is the cleavage of succinate to form 2 molecules 


TABLE IV 

Requirement of Dialyzed Ciliate Precipitate 
The complete mixture contained, in a volume of 1.0 ml., 200 umoles of succinate, 
10 units of CoA, 50 uwmoles of KF, 12 umoles of K ATP, 1.5 wmoles of MgCl., 400 
umoles of neutralized hydroxylamine, 15 wmoles of GSH, 100 umoles of Tris buffer, 
pH 8.4, 0.15 umole of DPN*t, 1600 units of lactic dehydrogenase, 20 wmoles of lithium 
lactate, 100 wmoles of sodium arsenite, and dialyzed ciliate enzyme containing 5.6 

mg. of protein. Incubations were in air at 27° for 90 minutes. 


Components | Acyl hydroxamic acid formed 
pumoles 
0.7 
Complete + 100 umoles phosphate buffer, pH 8.4......... 1.8 


of acetate. The CoA and ATP requirement could then be the result of 
activation of the acetate, in accordance with Reaction 1. 


(1) Acetate + ATP + CoA @ acetyl CoA + AMP + PP 


If this is the case, the product of the Tetrahymena enzyme action should 
serve as substrate for bacterial acetokinase. Acetokinase directly phos- 
phorylates acetate in the presence of ATP to form acetyl phosphate; CoA 
is not required (11). To test this, the dialyzed ciliate extract and a dia- 
lyzed Streptococcus faecalis extract were treated with Dowex 1 to remove 
CoA (12). 10 mg. of protein of the ciliate material and 6 mg. of protein of 
the S. faecalis extract were incubated in air with a mixture containing, in 
a volume of 1.0 ml., 200 umoles of succinate, 50 umoles of KF, 12 umoles of 
K ATP, 1.5 umoles of MgCl, 0.15 umole of DPN, 100 umoles of Tris buf- 
fer, pH 8.4, 20 umoles of lactate, 100 umoles of sodium arsenite, and 200 
pmoles of sodium malonate. The malonate was included to inhibit the 
succinic dehydrogenase of the streptococcal extract. After 90 minutes 
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incubation at 25° the mixture was examined for acetyl phosphate forma- 
tion. None was found. It is evident then that the primary 2-carbon reac- 
tion product is acetyl CoA. 

In a search for additional organic acids produced by the reaction, sue- 
cinate, CoA, KF, K ATP, MgCh, NH2OH, GSH, DPNH, arsenite, Tris 
buffer, pH 8.4, and incubation mixtures containing from 3 to 15 mg. of 
protein of dialyzed ciliate precipitate were incubated for periods of time 
varying from 30 to 150 minutes. ‘The reaction was stopped by the addition 
of sulfuric acid, and, after extraction from the acidified mixture with ether, 
the material was chromatographed on paper; n-butanol-formic acid-water 
(5:1:4) was the solvent system. Development of the chromatograms with 


TABLE V 


Orthophos phate and Acetyl Hydroramic Acid Formation by Succinate Cleaving 
System of Tetrahymena 


The complete mixture contained, in 1.0 ml., 200 uwmoles of succinate, 10 units of 
CoA, 50 wmoles of KF, 12 umoles of K ATP, 1.5 umoles of MgCl., 400 umoles of neu- 
tralized hydroxylamine, 15 wmoles of GSH, 100 uwmoles of Tris buffer, pH 8.4, 0.15 
umole of DPN*, 1600 units of lactic dehydrogenase, 20 uwmoles of lithium lactate, 
100 wmoles of sodium arsenite, and dialyzed ciliate precipitate containing 6.8 mg. of 
protein. Incubation was in air for 90 minutes at 27°. 


Orthophosphate Acetyl hydroxamic Ratio, Pj to 
Components iterated acid formed hydroxamic acid 
umoles pmoles 
| 2.83 2.04 1.38 


brom cresol green (13) revealed in all cases only a single spot with an Rp = 
0.73, which corresponds to succinic acid. 

Table V shows that approximately equimolar amounts of orthophosphate 
and acetyl groups are formed by the reaction. Since fluoride in high con- 
centrations seems to decrease the ratio, the liberated orthophosphate may 
arise from pyrophosphatase action on PP. In the presence of succinate, 
ATP, and CoA, the ciliate enzyme catalyzes the incorporation of P**-ortho- 
phosphate into ATP (Table VI). When the exchange is carried out with 
labeled PP in the absence of fluoride, there is a significant incorporation of 
radioactive phosphorus into ATP. However, since fluoride inhibits this 
incorporation observed with isotopic PP, it is apparently due to hydrolysis 
to orthophosphate of the added PP by pyrophosphatases. 

Table VII illustrates an experiment in which oxalacetate, in the presence 
of condensing enzyme, serves as acetyl acceptor. If the succinate splitting 
system is formulated according to Reaction 2, the acetyl acceptor system 
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TaBLeE VI 
Incorporation of P® into ATP with Succinate Cleaving Enzyme 

The complete system contained, in a volume of 1.0 ml., 200 umoles of succinate, 
1.5 umoles of MgCl., 12 umoles of ATP, 100 umoles of sodium arsenite, 15 units of CoA, 
20 umoles of GSH, 100 uwmoles of Tris buffer, pH 8.4, 0.15 umole of DPN*, 20 umoles 
of lactate, 1600 units of lactic dehydrogenase, and dialyzed ciliate enzyme containing 
12 mg. of protein. In addition, in Experiment 1, 6 umoles of P-labeled orthophos- 
phate; in Experiment 2, 6 umoles of P-labeled inorganic PP and 30 wmoles of un- 
labeled orthophosphate. Incubations were in air for 90 minutes at 27°. 


2 | | Compound isolated after incubation 

Components 

ha 4. | Orthophosphate Py rophosphate | ATP 

| | C.p.m. | c.p.m. | c.p.m 
‘moles c.p.m. per wmoles  c.p.m. | per umoles ¢c.pm per 
| mole mmole | pmole 

1 Complete 232,300 24,200 | 6.8 12,100 1780 
CoA 4.8 214,700 43,800. | | 3,400 448 

2 Complete 34.0 74,800 2,200 1.7 10,700 6,300 8.2 5,437 663 


| 32.4 20,100 620. 4.0 67,200 16,800, 8.8 72884 
umoles NaF | | | | | | | | 


TaBLeE VII 
Succinate As Acetyl Donor for Citrate Synthesis 


The complete mixture contained, in 1.0 ml., 200 umoles of succinate, 10 units of 
CoA, 50 umoles of KF, 12 umoles of K ATP, 1.5 umoles of MgCl., 15 umoles of GSH, 
100 umoles of Tris buffer, pH 8.4, 0.15 umole of DPN*, 1600 units of lactic dehydro- 
genase, 20 umoles of lithium lactate, 100 wmoles of sodium arsenite, 20 umoles of oxal- 
acetate, 35 y of crystalline condensing enzyme, and dialyzed ciliate precipitate con- 
taining 4.9 mg. of protein. Incubation was in air for 90 minutes at 27°. 


Components Citrate formed | Succinate utilized 
umoles | umole 
| 1.32 | 0.47 


as Reaction 3, and the generation of DPNH by lactic dehydrogenase, 
DPN*, and lactate, according to Reaction 4, the balanced sum is as indi- 
cated in Reaction 5. 


(2) Suecinate + DPNH + 2CoA + 2ATP + H* 

= 2 acetyl] CoA + 2ADP + DPN* 4+ 2P, 
(3) 2 acetyl CoA + 2 oxalacetate — 2 citrate + 2CoA 
(4) Lactate + DPN* = pyruvate + DPNH + H* 
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(5) Sum. Suecinate + 2ATP + lactate + 2 oxalacetate — 2 citrate + 2ADP + 


2P; + pyruvate 


Reversibility of Reaction—FY¥ormation of succinate from acetyl CoA has 
been demonstrated (Fig. 1) by linking the ciliate enzyme (Reaction 6) with 


04 


jAM.SUCCINATE FORMED 
Oo 
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2 4 6 8 
ENZYME CONCENTRATION 
(MG. PROTEIN) 

Fic. 1. Reversal of succinate splitting enzyme. The incubation mixture con- 
tained, in 1.0 ml., 15 wmoles of acetyl phosphate, 20 units of CoA, 2.5umoles of MgCl., 
15 units of phosphotransacetylase, 20 wmoles of K ADP, 0.15 umole of DPN*, 50 
umoles of sodium pyruvate, 1600 units of lactic dehydrogenase, 100 umoles of Tris 
buffer, pH 8.4, 100 wmoles of sodium arsenite, 20 wmoles of GSH, 50 umoles of KF, and 
various amounts of dialyzed ciliate precipitate as indicated. Incubations were in 
air at 27° for 90 minutes. 


phosphotransacetylase and acetyl phosphate as the source of acetyl CoA 
(Reaction 7); DPNH was reoxidized by including pyruvate and lactic dehy- 
drogenase (Reaction 8) in the reaction mixture. The balanced sum is as 
indicated in Reaction 9. 

(6) 2 acetyl CoA + 2ADP + DPN* + 2P; 


= succinate + DPNH + H* + 2CoA + 2ATP 


| 
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(7) 2 acetyl phosphate + 2CoA = 2 acetyl CoA + 2P; 
(8) Pyruvate + DPNH + H+ = lactate + DPNt+ 
(9) Sum. 2 acetyl phosphate + 2ADP + pyruvate = succinate + lactate + 2ATP 


Succinate Cleaving Activity of Other Cells and Tissues—Formation of 
acetyl CoA from succinate by crude extracts of various tissues was readily 
measured in incubation mixtures which, in addition to the components 
indicated in the legend to Table IV, contain malonate to prevent substrate 
oxidation by succinic dehydrogenase. After incubation, the formed hy- 


TaBLeE VIII 
Succinate Cleaving Activity of Various Tissues 

The incubation mixture contained, in a volume of 1.0 ml., 200 umoles of succinate, 
10 units of CoA, 50 umoles of KF, 12 umoles of K ATP, 1.5 wmoles of MgCl:, 400 
umoles of neutralized hydroxylamine, 15 umoles of GSH, 100 uwmoles of Tris buffer, 
pH 8.4, 0.15 umole of DPN*, 500 units of lactic dehydrogenase, 20 umoles of lithium 
lactate, 100 umoles of sodium arsenite, 200 wmoles of malonate, and dialyzed rat 
homogenate or microbial extract as indicated. Incubations with mammalian tissue 
were at 37° and with microbial extracts at 27°. In all instances the tubes were in- 
cubated in air for 90 minutes. 


| Acetyl hydroxamic acid per 10 


Tissue mg. protein 

pmoles 


droxamates were extracted with ethanol (8) and chromatographed on paper. 
The acetyl hydroxamate spots were located with dilute ferric chloride re- 
agent (8), eluted, and estimated colorimetrically by the addition of con- 
centrated developing reagent. 

Table VIII shows that the enzyme is present in dialyzed homogenates 
of rat brain, heart, liver, kidney, and skeletal muscle, as well as in dialyzed 
extracts of E’scherichia coli and S. faecalis. On the basis of mg. of protein, 
the activity is greatest in extracts of Tetrahymena pyriformis. 


DISCUSSION 


Since the proposals of Thunberg (14) and Wieland (15) of the reversible 
reductive cleavage between the a-carbon atoms of succinate, several reports 
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have appeared supporting the occurrence of such a reaction in bacteria 
(16-19), yeasts (20), molds (21), and even vertebrate tissues (22, 23). Re- 
cently Topper and Stetten (24) observed the formation of acetyl groups 
(as acetyl sulfanilamide) from succinate by rabbit liver slices. Barron 
and Ghiretti (25) also observed the dehydrogenation of acetyl CoA by 
extracts of various cells and tissues, including Tetrahymena; however, the 
rate of the reduction was extremely slow. The present investigation also 
indicates that the reaction in the direction of succinate formation is slow. 

It is of interest to speculate as to the physiological function of this re- 
action. In the case of Tetrahymena this is not difficult. Anaerobically 
the ciliate forms large amounts of succinate (26) by an as yet unidentified 
pathway of CO, fixation. Significant amounts of acetate are also formed 
anaerobically. Only small amounts of lactate are formed. It seems that 
succinate, the prime product of anaerobic metabolism, is reductively split 
to form acetate via acetyl CoA. This serves to reoxidize DPNH formed 
in the course of glycolysis. The enzyme thus seems to serve a function in 
ciliate anaerobic metabolism similar to that of lactic dehydrogenase in 
most yeasts, bacteria, and animal tissues. 

Barron and Ghiretti (25) suggested that the enzyme in Tetrahymena 
which reductively forms succinate from acetyl CoA be termed acetic dehy- 
drogenase. However, the reaction is more rapid in the direction toward 
acetyl CoA formation (succinate cleavage); comparison of the data pre- 
sented in Fig. 1 with those in Tables III, IV, V, and VII indicates that, 
whereas 2.1 to 3.6 umoles of succinate are cleaved by 10 mg. of enzyme pro- 
tein in 90 minutes, the same amount of enzyme forms only 0.3 umole of 
succinate in this same period. It thus appears that the enzyme may be 
better termed ‘“‘succinate cleaving enzyme.” 


Methods 


Preparation of Enzymes—T. pyriformis, strain 8, was grown as described 
previously (27), and the cells were harvested by passage through a Sharples 
supercentrifuge. After three washes with 20 volumes of cold 0.1 m phos- 
phate buffer, pH 7.4, and suspension in the same buffer, the cells were 
homogenized by five passages through a Logeman hand colloid mill (4). 

Extracts of S. faecalis, strain 10C1, and of Escherichia coli, strain B, were 
prepared as described by Korkes et al. (28). The streptococci were grown 
in the thioctic acid-deficient medium described by Gunsalus et al. (29), 
and EF. coli was cultured in a glucose-inorganic salt medium (30). 

Homogenates of mammalian tissues were prepared by grinding the var- 
ious excised rat organs in a Virtis homogenizer for 5 minutes. The homo- 
genates were then dialyzed for 6 to 12 hours against a solution containing 
0.1 m Tris buffer, pH 8.4, and 0.005 m cysteine. Any precipitate which 
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formed during the dialysis was resuspended by grinding with the aid of a 
Potter-Elvehjem ground glass homogenizer. 

Lactic dehydrogenase was crystallized from pig heart (31) and was as- 
saved according to Mehler et al. (32). Phosphotransacetylase was purified 
and assayed as described by Stadtman (33). Condensing enzyme was 
prepared according to Ochoa et al. (34). 

Analytical Procedures—Oxygen uptake was determined by conventional 
manometric methods. Carbon dioxide evolution was measured by the 
direct method (35). Hydroxamie acid formation was followed by the 
method of Lipmann and Tuttle (36). Acetyl phosphate was determined 
by the same method, but hydroxylamine was added to the mixtures after 
incubation. Succinate was determined manometrically according to Krebs 
and Eggleston (37) and was carried out in an ultramicro respirometer (38). 
The succinoxidase was a homogenate of thoroughly washed beef heart. 
Citrate was estimated by the procedure of Natelson et al. (39). 

Orthophosphate was determined by the procedure of King (40). ATP 
was determined as orthophosphate after 7 minutes hydrolysis in 1 Nn HCl. 
In Experiment 1 of Table VI, orthophosphate and ATP were separated 
according to Cohn and Carter (41). In Experiment 2, orthophosphate was 
separated from ATP and PP by the same procedure; PP was then separated 
from ATP by charcoal treatment, as described by Crane and Lipmann 
(42). The separated PP was determined as orthophosphate after acid 
hydrolysis. 

Protein was determined spectrophotometrically (43). 

Preparations—Acetyl phosphate was prepared as described by Stadtman 
and Lipmann (44). Sodium pyruvate was prepared from an alcoholic 
solution of commercial (Matheson) pyruvic acid (45). Lithium lactate was 
prepared from a commercial preparation of zinc lactate (City Chemical 
Corporation). An aqueous solution was passed through a Dowex 50 col- 
umn and the eluate concentrated in vacuo and neutralized with lithium 
carbonate. Oxalacetate obtained commercially (California Foundation 
for Biochemical Research) was dissolved in water and neutralized with 
potassium bicarbonate immediately before use. ATP, as the dipotassium 
salt (96 to 99 per cent pure), FAD (approximately 60 per cent pure), DPN*+ 
(90 to 95 per cent pure), TPN* (approximately 65 per cent pure), and cyto- 
chrome c were obtained from the Sigma Chemical Company. CoA (ap- 
proximately 70 per cent pure) was obtained from the Pabst Laboratories. 
DPT was purchased from the Nutritional Biochemicals Corporation. 

Radioactive phosphorus, as sodium phosphate, was obtained from the 
Abbott Laboratories. Radioactive pyrophosphate was prepared by the 
procedure of Kornberg and Pricer (46). The PP was precipitated with 
MnCl, after passage through a Dowex 1 column. The manganous salt was 
decomposed with 
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SUMMARY 


Extracts of the ciliated protozoan Tetrahymena pyriformis in the presence 
d of reduced diphosphopyridine nucleotide, coenzyme A, and adenosine tri- 
phosphate, catalyze the cleavage of succinate to form 2 molecules of acetyl 


iS 
coenzyme A. Catalytic amounts of diphosphopyridine nucleotide, in the 
I} presence of lactic dehydrogenase and lactate, serve as hydrogen donor. 
e Oxalacetate, in the presence of condensing enzyme, or hydroxylamine 
e serves as acetyl acceptor. 
d Reversibility of the reaction is observed in the presence of the acetyl 
Tr donor system: acetyl phosphate, phosphotransacetylase, and catalytic 
" amounts of coenzyme A; diphosphopyridine nucleotide, pyruvate, and 


lactic dehydrogenase serve as hydrogen acceptor system. 

Since the reaction is more rapid in the direction of acetyl coenzyme A 
formation than in the direction of succinate formation, it appears that the 
enzyme may be termed the ‘“‘succinate cleaving enzyme.”’ 

The enzyme is also present in homogenates of rat liver, brain, kidney, 
heart, and skeletal muscle, as well as in extracts of Escherichia coli and 
Streptococcus faecalis. 
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THE ACTION OF RIBONUCLEASE ON SYNTHETIC 
SUBSTRATES* 
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The literature abounds with conflicting evidence regarding inhibitors, 
non-inhibitors, and activators of ribonuclease action. Reported inhib- 
itors fall into the following classes: (a) divalent cations such as Cutt, 
Zn+*+ (1), Mgt*, Cat**, and Mn** (2); (6) oxidizing agents such as hydro- 
gen peroxide, oxidized glutathione, atmospheric oxygen (3), and periodate 
(4); (c) sulfhydryl reagents such as phenylmercuric acetate, iodoacetate, 
iodoacetamide (1), iodosobenzoic acid (3), and p-chloromercuribenzoate 
(5); (d) mononucleotides (6), certain of which are products of the reac- 
tion; and (e) certain unclassifiable substances such as heparin and Tre- 
buron, a synthetic heparin-like polysaccharide (7, 8). 

Certain of the foregoing substances, Mg**, Ca*+, Mn* (1, 9), hydrogen 
peroxide (10), and mononucleotides (11), have been cited as non-inhibi- 
tors. Nat, NH«t, Mgt* (2, 11, 12), reduced glutathione, sulfite, cyanide 
(3), and benzimidazole (7) have been cited as activators. 

Such diversity of results may be related to the method of assay as well 
as to differences in the composition and purity of the ribonucleic acids, 
which up to the present have been chosen as substrates for the enzymatic 
assay. 

In order to decrease the number of unknown variables inherent in ear- 
lier work, synthetic substrates have been prepared and a method devised 
which permits the direct measurement of the products of the enzymatic 
reaction. The effect of reported activators and inhibitors has been stud- 
ied, with special attention to sulfhydryl reagents. The emphasis on sulf- 
hydryl reagents is based on results regarding the essential nature of sulf- 
hydryl groups for ribonuclease action (13), whereas chemical analyses 
indicate the absence of such groups (14, 15). 


EXPERIMENTAL 
Materials—Uridine-2’ ,3’ phosphate and cytidine-2’ ,3’ phosphate were 
prepared by the method of Brown, Magrath, and Todd (16). Uridine-3’ 
benzyl phosphate was synthesized from uridine-3’ phosphate by the pro- 


* Supported in part by a grant-in-aid, No. RG-2496, United States Public Health 
Service, and by Cancer Research Funds of the University of California. 
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cedure of Brown and Todd (17). All of the foregoing substances were 
converted to ammonium salts by passage through a column of IRC-50 in 
the ammonium form. The identity and purity of the compounds were 
checked chromatographically, electrophoretically, and chemically. 

Crystalline ribonuclease was purchased from the Armour Laboratories 
(lot 38959). This was used without further fractionation. Ribonu- 
clease A and B were prepared by the fractionation of ribonuclease as 
purchased from the Nutritional Biochemicals Corporation (lot 2324). 
Fractionation was accomplished by the method of Hirs, Moore, and 
Stein (18). 

Measurement of Ribonuclease Activity—Ribonuclease activity was meas- 
ured by a newly devised method in which after a suitable incubation 
period the products of the enzymatic reaction were separated from the 
substrate by electrophoresis on paper. ‘The products or substrate or both 
after separation were eluted from the paper and their concentrations de- 
termined by spectrophotometry. 

The control reaction mixture contained the following substances: 0.03 
M substrate, 0.12 m triethanol amine buffer (CI-) at pH 7.7, 0.25 Mm so- 
dium chloride, 0.003 per cent ribonuclease, and 0.02 per cent gelatin. 
The total volume was 110 ul. 

Incubation was carried out at 22° in small specimen vials which were 
fitted with corks that had previously been wrapped with Parafilm. In 
order to simplify the addition and removal of aliquots during incubation 
micro pipettes were treated with Desicote (Beckman Instruments, Inc.). 

Prior to the withdrawal of samples from the incubation mixture a num- 
ber of disks, 5 mm. in diameter, are punched from washed Whatman No. 
3 MM filter paper. Each disk is placed in a 1 inch polyethylene planchet 
of the type that is used for the counting of radioactive materials. At in- 
tervals, 5 ul. of solution are drawn from the reaction mixture with a micro 
pipette. The tip of the pipette is held lightly against a paper disk while 
the solution runs out slowly and evenly onto the disk. When uridine 
derivatives are used as substrates, ribonuclease action is stopped by the 
addition of 1 ul. of formol to each disk just prior to the addition of the 
sample from the reaction mixture. When cytidine derivatives are used 
as substrates, enzymatic action is stopped by the addition of 1 ul. of 3 X 
10-* m Cut*. Cytidine derivatives react with formaldehyde. Twelve 
reaction mixtures can be analyzed readily at one time with duplicate sam- 
ples taken from each reaction mixture at half hour intervals. The disks 
which contain the samples are dried in the air. 

The substrate and products of the reaction now present on the disks are 
separated by the use of the paper electrophoresis apparatus of Crestfield 
and Allen (19). For this purpose the disks are placed in rows on Whatman 
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No. | filter paper which has been previously equilibrated in 0.2 m phos- 


phate buffer at pH 7.4. The number of rows of disks which can be sub- 

i jected to electrophoresis at one time is dependent upon the substrate which 
isemployed. For example, when uridine-2’ ,3’ phosphate is the substrate, 

i three rows which contain five disks per row may be applied. When sub- 

- jected to a potential of 25 volts per cm. in 0.2 m phosphate buffer at pH 

| 7.4, uridine-2’,3’ phosphate is separated from uridylic acid in 45 minutes. 

. An example of such a separation is shown in Fig. 1. When the substrate 
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Mn- Fic. 1. Separation of uridylic acid from uridine-2’,3’ phosphate by paper electro- 


-O. | phoresis. The small open circles indicate the positions of the paper disks. The ap- 
et. | proximate size and shape of the cutter have been drawn around one area. The con- 
ditions that were employed for separation were 0.2 m phosphate buffer, pH 7.4, and 
a field strength of 25 volts per em. for 1 hour. 


is uridine-3’ benzyl phosphate, only one row of disks can be applied at one 


re time. In this case uridine-2’,3’ phosphate is an intermediate in the re- 
ve action, and greater distance of migration must be allowed for the separa- 


tion of three components. 33 hours at 25 volts per cm. in 0.2 Mm phosphate 
buffer at pH 7.4 are required for separation. After the completion of a 
migration the paper is dried and photographed as described by Smith 
Ive and Allen (20). 

Areas on the paper chromatogram are located by placing the photo- 
graph squarely on the chromatogram and securing the two with clips. 
Areas are cut from the chromatogram with a cutter fashioned from steel 
tubing and eluted with 2 ml. of 0.05 m sodium phosphate buffer at pH 7.0 
for 30 minutes under continual shaking. Spectrophotometric data were 
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obtained on the Beckman DU spectrophotometer in which Pyrocells of 
10 mm. light path and 2.5 mm. width were employed (Pyrocell Manu- 
facturing Company). The spectrophotometric data were converted to 
moles of nucleotide by use of the extinction coefficients of Brown, Magrath, 
and Todd (16) and of Ploeser and Loring (21). 

Paper blanks were decreased and reproducible after washing the paper 
twice with acetone followed by 0.2 mM sodium phosphate buffer at pH 7.4. 
200 ml. of each solvent were used to wash each 18} X 223 inch sheet of 
paper. The combination of paper disks to give small initial spots together 
with paper electrophoresis to give rapid resolution yielded final areas which 
were 3- to 4-fold less in size than those which are obtained in correspond- 
ing chromatographic techniques. Paper blanks which were taken with 
each series were found to range from 0.010 to 0.025 optical density unit at 
262 My. 

An average of 98.5 per cent recovery for uridylic acid and 97.5 per cent 
for cytidylic acid was obtained after electrophoresis on paper. 

The assay technique that has just been described loses its simplicity 
if studies on the effects of other mononucleotides on the action of ribonu- 
clease are to be conducted. For such a study a microtitration technique 
was devised in which the secondary phosphoryl! groups that are liberated 
as a result of ribonuclease action are measured. For this purpose 2 ml. 
of 0.25 N solution of sodium sulfate which contains 5 mg. of substrate are 
added to a reaction vessel equipped with a glass electrode and protected 
from atmospheric contamination by a barrier of nitrogen which is blown 
across the top of the vessel. For inhibition studies an amount of mono- 
nucleotide equimolar to the substrate is added to the reaction mixture. 
The pH is adjusted to 7.7 with 0.1 N NaOH. 30 ul. of a 0.1 per cent 
solution of ribonuclease are added, and the amount of 0.01 nN NaOH which 
is required to maintain the solution at pH 7.7 is recorded at intervals. 


Results 


Expression of Results—It will be shown in a later paragraph that the 
pyrimidine mononucleotides, which are the products of the reaction, in- 
hibit ribonuclease action to a marked degree. Hence time values are used 
to estimate the degree of activation or inhibition. Since the inverse time- 
enzyme relationship does not hold in those systems in which the enzyme 
loses activity during the reaction, the enzyme has been stabilized by the 
addition of 0.02 per cent gelatin. 

Percentage activation or inhibition has been calculated by use of the 
following expression, 
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where tsoe, (control) 18 the time which is required for 30 per cent hydrol- 
ysis of the substrate to occur in the control reaction, and f3ovz (test) 18 the 
time which is required for 30 per cent hydrolysis of the substrate to oc- 
cur in the test solution. In order to increase the accuracy of the obser- 
vations, the data for those experiments in which pronounced inhibition 
did not occur are based upon fs00; (control) OF the time which is required for 
50 per cent hydrolysis of the substrate. 
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Fic. 2. Hydrolysis of cytidine-2’,3’ phosphate by ribonuclease with and without 
added mononucleotides. Hydrolysis in the presence of equimolar quantities of 
adenosine-3’ phosphate (A3), adenosine-5’ phosphate (A5), adenosine-2’ phosphate 
(A2), commercial guanylie acid (@), commercial uridylic acid (U), and commercial 
eyvtidvlic acid (C). 


A study of the linearity in the inverse time-enzyme relationship shows 
such linearity to hold over a range of concentrations of enzyme at least 
3-fold greater than the concentration of enzyme which has been used in 
obtaining the following results. 

Effect of Mononucleotides—The results which are obtained when various 
mononucleotides are tested with ribonuclease and cytidine-2’ ,3’ phosphate 
as substrate are shown in Fig. 2. As might be expected, the pyrimidine 
nucleotides exert a greater inhibitory effect than the purine nucleotides. 
It is interesting to note that adenosine-2’ phosphate inhibits to a greater 
degree than either adenosine-3’ phosphate or adenosine-5’ phosphate. 
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It is well recognized that ribonuclease liberates part of the pyrimidine 
constituents of ribonucleic acids as free mononucleotides and that the 
remainder of the pyrimidines appear as end-groups of purine-containing 
polynucleotides. The cyclic pyrimidine-2’,3’ phosphates are intermedi- 
ates in the reaction. In order to test which of the steps in the reaction 
were inhibited by mononucleotides, uridine-3’ benzyl phosphate was in- 


(A) : (B) 


Uridylic acid 


0.60 


Uridine-3 benzy! 
phosphote 

Uridine-3' benzy! 

phosphate 


O 


Optical Density 
O 
= 


Uridine-2':3 phosphate 


Uridine-2':3' phosphate 


i 


| 2 3 3 


Time in Hours 


Fig. 3. Hydrolysis of uridine-3’ benzyl phosphate by ribonuclease (4) without 
and (B) with added uridylic acid. The substrate and added uridylic acid were pres. 
ent in 0.02 m concentration; other additions are given in the text. The optical den. 
sities were determined at the following wave-lengths: uridine-3’ benzy! phosphate, 
261 my; uridine-2’,3’ phosphate, 262 mu; uridylic acid, 259 my. 


Uridylic acid 
j 


cubated with ribonuclease in the absence and presence of an equivalent 
quantity of uridylic acid (Fig. 3). Both reactions were inhibited to a 
marked degree. Uridine and uracil were non-inhibitory. 

Effect of Ionic Strength—The activation of ribonuclease by non-spe- 
cific ions has been noted by many investigators. Ribonuclease was incu- 
bated with uridine-2’ ,3’ phosphate as substrate at different ionic strengths. 
Sodium chloride was used as the source of non-specific ions. The results 
(Fig. 4) clearly point out the necessity for the contro! of ionic strength 
in studies on ribonuciease activity. 

Effect of Divalent Cations—Certain of the divalent ions that have pre- 
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viously been reported to activate or inactivate ribonuclease were studied 
with uridine-2’,3’ phosphate as substrate. The results in Table I dem- 
onstrate that only Cut+ and Zn*+ have an inhibitory effect. 

Effect of Sulfhydryl Reagents—A number of sulfhydryl reagents were 
examined for their effect upon ribonuclease activity. 0-lodosobenzoate, 


Se 


t 30 % 


0.50 075 1.00 


lonic Strength 


Fic. 4. biffeet of ionie strength on ribonuclease activity. 
phosphate; 0.002 per cent ribonuclease. 


L 
O25 


0.02 m uridine-2’,3’ 


I 
Inhibition of Ribonuclease by Divalent Cations 
Addition Concentration aX 10 Per cent inhibition 
Control 190 0 
Catt 2 X 10°? 190 0 
Mg*t | 2X 10°? 194 0 
Mntt | 2x 10°? 187 0 
Cutt 2 xX 10-3 No reaction 100 
Cutt 2x 10-4 57 70 
Zn** 2 X 10-3 10 (Estimated) 95 
Zn** 2 xX 10-4 103 45 


| 


iodoacetate, iodoacetamide, and oxidized glutathione at 10-2 mM concen- 
tration, p-chloromercuribenzoate at 10-* mM, and sodium selenite at 2 < 
l0* Mm concentration were tested with uridine-2’ ,3’ phosphate as the sub- 
strate. No effect could be noted. 10° m p-chloromercuribenzoate and 
10>? m o-iodosobenzoate were tested for their effect upon the formation of 
uridine-3’ phosphate from uridine-3’ benzyl phosphate. No effects were 
noted. 

Effect of Reducing and Complex-Forming Agents—Reduced glutathione, 
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sodium sulfite, and cysteine at 0.01 m concentration, and glycine, histi-| 


dine, and ethylenediaminetetraacetate at 5 X If! mM concentration were 
tested with uridine-2’ ,3’ phosphate as the substr:te No effect on ribonu. 
clease action could be noted. 

Studies on Rihonucleases A and B—Ribonuclesses A and B were in. 
cubated with uridine-2’,3’ phosphate in the presence of 0.01 mM concen. 
tration of the following substances: (a) reduced glutathione, (b) oxidized 
glutathione, (c) ethylenediaminetetraacetate, (d) citrate, (e) glycine, (f 
histidine, (g) 6-hydroxyquinoline, and (h) sodium selenite. No significant 
activation or inhibition was observed with either enzyme. 


DISCUSSION 


The inhibition of ribonuclease action by mononucleotides, Cut*, and 
Zn** when uridine-2’ ,3’ phosphate, cytidine-2’ ,3’ phosphate, or uridine-3’ 
benzyl phosphate was the substrate is in accord with the results of Zittle 
(1, 6) who used ribonucleic acids as substrate. Mononucleotides have 
been reported as non-inhibitors by Dickman et al. (11). Since Cut** and 
uridylic acid are noted to inhibit the formation of uridine-2’ ,3’ phosphate 
from uridine-3’ benzyl phosphate as well as the hydrolysis of uridine-2’ ,3’ 
phosphate to uridylic acid, it is probable that the same site on ribonuclease 
is active in both the formation of cyclic pyrimidine nucleotides from poly. 
nucleotides and in the hydrolysis of cyclic pyrimidine nucleotides to pyrimi- 
dine mononucleotides. 

Ribonuclease is shown not to be inhibited by sulfhydryl reagents and 
not to be activated by reducing agents. These results are in direct con- 


trast to the findings of Zittle (1) and of Ledoux (3, 5), both of whom used | 


ribonucleic acids as substrate. Ledoux (13) has postulated that the pres- 
ence of sulfhydryl groups in ribonuclease is a requisite for enzymatic 
activity. However, Anfinsen ef al. (14) and Fraenkel-Conrat and Singer 
(15) have been unable to find chemical evidence to support the existence 
of sulfhydryl groups in ribonuclease. The data just reported offer no sup- 
port for the contention that sulfhydryl groups are a requisite for ribonu- 
clease activity. 

The requirement of 0.35 ionic strength for maximal ribonuclease activity 
is higher than has been published previously and may explain the acti- 
vation that has been noted for Na+ and NH, by others (2, 11). 

Cat+, Mg**, and Mn** are found to be without specific effect on ribo- 
nuclease activity. These results are in agreement with those of Zittle (1) 
and Bain and Rusch (9), but contrary to those of Lamanna and Mallette 
(2) who report that Cat*+, Mg**, and Mn** inhibit ribonuclease activity. 
Since all previous workers have used ribonucleic acids as substrates, the 
diversity of results may be due to the considerable variation in divalent 
cations which are found as contaminants in ribonucleic acids. A like 
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_| jnterpretation can be placed upon the disparity between the present data 


and those of Dickman e/ al. (11) who report activation by complex-forming 


reagents. 
The inactivity of reducing and oxidizing agents on the activities of 


ribonucleases A and B is contrary to the reports of Ledoux (22) and sug- 
gests that the nature of the differences in the two enzymes is not concerned 
with either sulfhydryl groups or metal binding. The latter aspect is sup- 
ported by Hirs et al. (18), who report that the chromatographic patterns 
of crystalline ribonuclease are not affected by the inclusion of 8-hydroxy- 
quinoline or disodium ethylened‘aminetetraacetate. 


SUMMARY 


Ribonuclease activity has been studied by a method in which, after suit- 
able incubation of the enzyme with either uridine-2’,3’ phosphate, cyti- 
dine-2’ ,3’ phosphate, or uridine-3’ benzyl! phosphate, the products of the 
reaction are separated from the substrate by electrophoresis on paper. 
The effect of oxidizing, reducing, and complex-forming agents has been 
studied, and the results are discussed and compared with previous work 
in which ribonucleic acids were the substrate. 
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Shortly after the Tiselius (1) moving boundary method of electrophoresis 
became available for the study of proteins of biological importance, it was 
employed by Landsteiner and coworkers (2) in an attempt to differentiate 
the serum albumins of fowls of closely related species. These investiga- 
tors were able to show some differences in the electrophoretic mobilities 
of these serum albumins in acetate buffer, pH 5.2, 0.02 ionic strength, but 
only for fowls of different orders. Sharp et al. (3) studied the electro- 
phoretic behavior of crystallized horse serum albumin in the pH region of 
the isoelectric point and in buffers of 0.1 and 0.02 ionic strength. They 
considered the complex electrophoretic patterns in this pH range to con- 
sist of ‘‘anomalies’”’ because of the lack of symmetry between ascending 
and descending boundaries. However, they did obtain similar patterns 
with several crystalline horse albumin fractions as well as with the al- 
bumin of whole, untreated horse serum. They concluded from this that 
these ‘“‘anomalies” reflected the complex nature of horse serum albumin 
in general and were not caused by secondary changes produced during the 
purification process. The fact that electrophoretic patterns in the iso- 
electric point region reflect properties inherent in the protein (3) which 
are specific enough to permit species differentiation can also be seen by 
comparing the pattern obtained by Longsworth and Jacobsen (4) for bo- 
vine serum albumin with that obtained by Sharp et al. (3) for horse serum 
albumin, both being determined in acetate buffer at 0.1 ionic strength. 
Although both kinds of albumins show multiple ascending boundaries, as 
compared to spread out descending ones, the differences in the size and 
shape of these rising peaks are most striking. Perhaps the most clear-cut 
evidence of the usefulness of the electrophoretic pattern in the isoelectric 
region for species differentiation of physiologically related proteins is pro- 
vided by the work of Alberty (5). He found that crystallized human serum 
albumin was resolved into two “components,” whereas crystallized bovine 


* This work was supported by a grant from the United States Public Health 
Service, dealing with the general subject of ‘‘Protein studies in chronic diseases.’’ 
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albumin gave three “components” in the isoelectric point region with 0.15 n 
sodium chloride solutions. In a previous publication (6) a technique was 
described for the electrophoretic subfractionation of human serum albumin 
by the Tiselius moving boundary method. As is shown in Fig. 1, 0.5 to 
5 per cent solutions of this ‘‘purified”’ protein, which give a single moving 
boundary in barbiturate buffer, pH 8.6, 0.1 ionic strength, yield at least 
four distinct ascending boundaries at pH 4.0, acetate-NaCl buffer (7), 0.05 
ionic strength. 

The present study deals with the application of this subfractionation 
procedure to the separation of various purified and crystallized animal 
albumins, in addition to human serum albumin, into a number of distinct 
electrophoretic patterns. The differences in the number and shape of 
separate peaks formed and the relative per cent of their areas permit the 
clear-cut species differentiation of the various cross-reacting animal al- 
bumins employed in these experiments (8-10). 


EXPERIMENTAL 


5 per cent solutions were prepared from sterile concentrated human! 
(25 per cent), bovine? (35 per cent), and porcine? (25 per cent) serum al- 
bumins and from egg albumin? recrystallized five times, by dilution with 
barbiturate buffer (pH 8.6, 0.1 ionic strength). 10 ml. portions of each 
solution were dialyzed mechanically (12) at 4° overnight against 400 ml. 
of buffer. The samples were then analyzed in the portable Aminco-Stern 
electrophoresis apparatus with the standard double channel Tiselius cell 
by the technique previously described (6, 13). Fig. 2 shows the ascending 
and descending electrophoretic patterns obtained for human serum al- 
bumin at pH 8.6 and is typical of the results obtained for the other species 
under these conditions, except for egg albumin which revealed a second 
trace component only after prolonged electrophoresis. 5 per cent solu- 
tions of the various animal albumins were now prepared by dilution with 
acetate-NaCl buffer (7) (pH 4.0, 0.04 ionic strength). These were dialyzed 
and analyzed electrophoretically exactly as described above. The ascend- 
ing and descending patterns obtained for human serum albumin are shown 
in Fig. 3 and the ascending patterns for the other species in Figs. 4 to 6. 
The mobilities of the leading peaks were calculated for each albumin frac- 
tion in the barbiturate buffer system, and the values are given in Table I. 
The values for the relative area of each peak obtained in acetate-NaCl 


1 Human serum albumin was obtained from the American National Red Cross 
through the courtesy of Dr. J. N. Ashworth. It was prepared by the ethanol-low 
temperature fractionation procedure of Cohn et al. (11). 

2 Animal albumins were obtained from Pentex, Inc., Kankakee, Illinois. How- 
ever, porcine albumin required additional electrophoretic purification in an analyti- 
cal cell. Animal albumins were prepared by Cohn’s method (11). 
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Fic. 1, Effect of varying the concentration of serum albumin solutions on the 
resolution of their electrophoretic subfractions. Acetate-NaCl buffer, pH 4.0, ionic 
strength 0.05, at (a) 0.5 per cent, (6) 1 per cent, (c) 2 per cent, and (d) 5 per cent al- 
bumin. The vertical arrows indicate starting positions and the horizontal arrows 
the direction of migration of the ascending boundaries. E = volts per cm.; ¢ = sec- 


onds; A = human serum albumin. 


Fic. 2 Fic. 3 
Fig. 2. Ascending (a) and descending (b) electrophoretic patterns of 5 per cent 
human serum albumin solution in barbiturate buffer, pH 8.6, 0.1 ionic strength. 
The ascending rear boundary (a) is the 6-boundary. 
Fig. 3. Ascending (a) and descending (b) electrophoretic patterns of 5 per cent 
human serum albumin solution in acetate-NaCl buffer, pH 4.0, 0.04 ionic strength. 
The ascending rear boundary (a) is probably not a 6-boundary. 
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buffer and their respective mobilities are reported in Table II for duplicate 
determinations. Since the mobilities for all the samples in both buffer 
systems were calculated from ascending patterns by means of the con- 
ductance of the buffer after dialysis at 1°, the values represent “relative” 
rather than ‘“‘true”’ mobilities. 


Fic. 4. 5 
Fic. 4. Ascending electrophoretic pattern of 5 per cent bovine serum albumin 
solution in acetate-NaCl buffer, pH 4.0, 0.04 ionic strength. 
Fig. 5. Ascending electrophoretic pattern of 5 per cent porcine serum albumin 
solution in acetate-NaCl buffer, pH 4.0, 0.04 ionic strength. 


Fic. 6. Ascending electrophoretic pattern of 5 per cent egg albumin solution in 
acetate-NaCl buffer, pH 4.0, 0.04 ionic strength. 


Results 


As can be seen in Fig. 2 and Table I, the electrophoretic mobilities in 
barbiturate buffer at pH 8.6, 0.1 ionic strength, of the various serum al- 
bumins used in these experiments cannot in themselves be used for purposes 
of species differentiation. However, the low ionic strength subfraction- 
ation technique adds three additional experimental parameters for taxo- 
nomic identification. As seen in Fig. 3 and Table II, these are (a) the 
number and (b) shape of the ascending peaks formed and (c) the relative 
per cent areas under these boundaries. The significance of these param- 
eters lies in the fact that definite dissimilarities are shown for the serum 
albumins of related species which cross-react immunochemically. There 
are similarities in the electrophoretic patterns obtained in acetate buffer 
as evidenced by the almost identical mobilities and shapes of the various 
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peaks formed. Species differences are indicated by the disappearance of 
the second fastest moving peak from some albumins as well as by changes 
in the relative areas under the various boundaries with similar mobilities. 
Until further investigation of the composition of these boundaries has 
been carried out, no explanation for their occurrence is being offered. 
Some investigators (3) have referred to the type of ascending patterns 
shown here as ‘“‘anomalies” because they are not enantiographic with the 


TABLE I 


“Relative’’ Ascending Mobilities of 5 Per Cent Solutions of Various Animal Albumins 
in Barbiturate Buffer, pH 8.6, 0.1 Ionic Strength 


Mobility X 105 sq. cm. per volt per sec. 


Human Bovine Egg Porcine 


—6.3 —6.8 —6.7 —6.9 


TaBLeE II 


“Relative’’?’ Ascending Mobilities and Areas of Boundaries of Animal Albumins in 
Acetate-NaCl Buffer (7), pH 4.0, 0.04 Ionic Strength 


Peak 1 Peak 2 Peak 3 Peak 4 
exes Per cent | Mobility | Percent | Mobility | Percent | Mobility | Percent | Mobility 
Maree | | | | ree | | 
Human 20.3 +6.3 3.8 +5.6 | 27.0 +2.5 | 49.0 | —0.7 
19.9 4.4 26.5 49.4 
Bovine 22.1 +5.7 3.2 +5.0 | 29.8 +2.0 | 44.9 —0.6 
19.7 2.9 31.1 46.3 
Porcine 33.4 | +6.3 37.3 | +2.7 | 29.2 | —0.7 
31.7 36.9 31.3 
Egg 24.0 | +5.7 41.5 | +2.2 | 34.5 | —0.4 
22.4 41.0 36.8 


descending patterns (see Fig. 3). However, similarity of ascending or 
descending patterns is seldom achieved in practice, even under the most 
favorable circumstances; 2.e., low protein concentration and high ionic 
strength buffers (3-5). The marked differences in the ascending and 
descending boundaries obtained under our experimental conditions must 
in some manner be related to the fact that the protein ions of the ascending 
boundary migrate into the buffer, whereas the protein ions of the descend- 
ing boundary migrate into a solution containing ions of their own kind (3). 

As demonstrated in Fig. 1, the type of pattern obtained is relatively 
independent of protein concentration over a wide range of values (0.5 to 
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5.0 gm. per cent) and depends on ionic strength (6) as well as on pH and 
specific ion effects (4). Subsequent preliminary experiments with an 
analytical electrophoresis cell showed each boundary to contain consider- 
able amounts of protein; 7.e., 0.9 gm. per cent or greater. This would ap- 
pear to rule out the possibility that one or more of these boundaries are 
of the salt concentration kind (e-peaks), but not the contingency of pro- 
tein-buffer salt boundaries, 7.e. 6-peaks. This problem is now under in- 
vestigation, as are measurements of pH and conductivity changes across 
each boundary. 

As can be noted in Table II, the results obtained for the same protein 
sample are highly reproducible under our experimental conditions. Re- 
producible patterns were also obtained for different albumin preparations 
of the same species; e.g., egg, human, porcine, etc. These ascending bound- 
aries, therefore, have utility in the detection of small structural differences 
among physiologically related proteins. 


DISCUSSION 


Serum albumins and y-globulins of different mammalian species have 
been reported by some investigators (8-10) to cross-react between 3 and 
25 per cent, depending upon the many factors which can affect an immune 
response (14). Such experimental results have led Maurer (10) to state 
“that one should be very cautious in interpreting the results of immunologi- 
cal cross reactions between various species.” It would, therefore, appear 
desirable to develop methods other than immunological ones for the de- 
termination of species differences of physiologica'ly related proteins. Such 
published procedures include the crystallographic analysis of hemoglobins 
(15), ultracentrifugal analysis of respiratory proteins (16), electrophoretic 
analysis of various animal proteins (16-22), and the analysis of the amino 
acid composition of purified proteins (238, 24). 

Immunological specificity depends on the particular arrangement of 
different polar groups on the surface of the protein molecule (25). Such 
techniques have been widely used for differentiation between corresponding 
proteins from related species. However, Colvin et al. (26) in their excellent 
review article on the microheterogeneity of proteins state ‘that immuno- 
chemistry, although sometimes useful, is not as powerful a tool for differ- 
entiating minor differences between related proteins [italics ours] as it is for 
detecting small amounts of distinct impurities. Hence, when immunolog- 
ical heterogeneity is found, the differences between protein molecules of 
the preparation are not necessarily minor.” 

Colvin’s review paper (26) discusses in some detail the usefulness of 
electrophoretic techniques, such as the reversible boundary-spreading tech- 
nique of Alberty (27) and the electrophoresis-convection technique of 
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Cann and Kirkwood (28) for detecting very subtle differences between sim- 
ilar protein molecules, e.g. y-globulins. These authors do not mention the 
interesting observation of Longsworth and Jacobsen (4) that the electro- 
phoretic mobility near the isoelectric point is very sensitive to differences 
in the number of basic and acidic amino acids per molecule which determine 
protein specificity; this sensitivity increases with decreasing ionic strength 
(26). On the basis of the material presented in this paper, as well as of 
unpublished data with y-globulin and other proteins, the authors believe 
this experimental approach to be a general one for determining the micro- 
heterogeneity of physiologically related (or similar) proteins, which pos- 
sesses many practical advantages over other published procedures (26-28). 


SUMMARY 


A method previously published for low ionic strength subfractionation 
of pure human serum albumin into four distinct boundaries by free electro- 
phoresis was applied to purified bovine, porcine, and egg albumin solutions. 
Although these albumins are known to cross-react immunochemically and 
can only be distinguished by quantitative techniques, they give distinct 
electrophoretic patterns when analyzed in acetate buffer at pH 4.0, 0.04 
ionic strength. These differences relate both to the number and shapes 
of boundaries formed and the area under each peak for the various species. 
This report furnishes experimental proof that, compared to immunochemi- 
cal procedures, electrophoretic properties of physiologically related pro- 
teins as determined near their isoelectric point in low ionic strength buffers 
furnish a sensitive means of detecting subtle differences between similar 
protein molecules. 


The authors wish to acknowledge the aid and encouragement of Dr. 
Bruno W. Volk, Director of Laboratories, during the course of this work 
and to thank Miss Renee Eisner for assistance in preparing the manu- 
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THE ISOLATION OF THE NON-SPECIFIC HYALURONIDASE 
INHIBITOR OF HUMAN BLOOD* 


By JOYCE K. NEWMAN,f GERALD 8. BERENSON,{ MARTIN B. 
MATHEWS,§ EUGENE GOLDWASSER, anv 
ALBERT DORFMAN 
(From the Departments of Pediatrics and Biochemistry and the Argonne Cancer 
Research Hospital, University of Chicago, and La Rabida Jackson Park 
Sanitarium, Chicago, Illinois) 


(Received for publication, February 18, 1955) 


Numerous studies have demonstrated the presence in mammalian blood 
of a substance which inhibits the enzyme hyaluronidase. The lability and 
the invariable presence of this substance suggested that it differs from 
specific antibodies to hyaluronidases. Particular interest attaches to this 
material, because the serum level rises in the course of acute rheumatic 
fever as well as in other conditions involving infection or inflammation. 
The very considerable biological and clinical literature regarding this sub- 
stance has been reviewed by Dorfman (1), Glick (2), and Mathews and 
Dorfman (3). Reliable information regarding the chemical nature of the 
hyaluronidase inhibitor is meager in view of the lack of pure preparations. 

It is the purpose of this report to detail a method for the isolation and 
to report some properties of a substance from normal human blood which 
appears to be homogeneous by the criteria employed and possesses the 
capacity of inhibiting the enzyme hyaluronidase. 

Dorfman et al. (4) showed that Fractions II and III of blood plasma ob- 
tained by Method 6 of Cohn demonstrated hyaluronidase inhibitor activ- 
ity, but Glick and Moore (5) and Moore and Harris (6) found that the 
activity migrates predominantly with the albumin fraction of serum upon 
electrophoresis at pH 8.6 in a Veronal buffer. Goldberg and Haas (7) 
reported that fractionation of serum with ethanol at pH 8.4 results in the 


separation of the activity into two components, each of which is inactive, 


but restoration of activity occurs upon recombination. That magnesium 
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was required for inhibition was determined by Baumberger and Fried (8), 
while Freeman, Whitney, and Dorfman (9) showed that one of the com. 
ponents separated by Haas was magnesium. Cot* or Co(NH3;)sCl** sub- 
stitutes for magnesium, but Znt+, Nitt+, and Mn+ prevent the action of 
the inhibitor. Bat+, Sr*+, or Cat** had no effect (10). 

Wattenberg and Glick (11) have obtained preparations exhibiting a 
maximum of 130 times the activity of human serum. 85 per cent of the 
materials migrated as a single component, with a mobility of —6.6 & 10° 
sq. em. per second per volt in a Veronal buffer at pH 8.6. The remaining 


material migrated at a slower rate. The purified fractions contained aj 


blue color, presumably due to ceruloplasmin, but no correspondence was 
obtained between ceruloplasmin concentration and inhibitor activity.  Al- 
though metachromatic material was observed in the purified inhibitor, 
there was no evidence that this was due to the presence of heparin. 


EXPERIMENTAL 


Methods—The inhibitor activity was assayed by the _ turbidimetric 
method of Dorfman, Ott, and Whitney (4). Nitrogen analyses were car- 
ried out by a modification of the Koch-McMeekin micro-Kjeldahl method. 
The method of Boas (12) was used to determine hexosamine and the ecar- 
bazole method of Dische (13) was employed to study possible uronic acid 
content. Polypeptide content was determined by the method of Mehl 
(14), and phosphorus was measured by the method of Gomori (15). Sul- 
furic acid esters were determined by hydrolysis with 4 Nn HCl for 2 hours 
at 100°. After removal of the HCl, BaSO, was precipitated with acidified 
BaCl, and the resulting turbidity compared visually with standards pre- 
pared from solutions containing albumin and appropriate amounts of 
sodium sulfate. The dry weight of the samples was determined by heating 
to constant weight at 105°. Tyrosine and tryptophan were determined 
by the method of Goodwin and Morton (16), in which the ultraviolet spee- 
trum was utilized, as determined by the Beckman model DU spectro- 
photometer. Lipides were determined by the method of Bloor (17). 

The electrophoretic and diffusion data were obtained with a Specialized 
-Instruments Corporation model H electrophoresis apparatus, and_ the 
ultracentrifugal analysis was carried out with a Specialized Instruments 
Corporation analytical ultracentrifuge. 

The refractive increment was determined with a dipping refractometer. 
Amino acid composition was determined by paper chromatography by the 
method of Slotta and Primosigh (18) and the ninhydrin stain of Patton 
and Chism (19). 

Zone electrophoresis in potato starch supporting medium was carried 
out by a method adapted from that of Kunkel and Slater (20). The starch 
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suspension was poured into a plastic mold. The resulting starch block 
was supported at its ends by moist paper sections, by which means elec- 
trical continuity was maintained. Refrigerant solution at 0° was circulated 
through plastic compartments below and above the starch block. In this 
manner, the temperature rise during current flow was limited to about 5°. 

Fractionation Procedure—The following procedure was evolved for the 
isolation of the inhibitor from human blood. 

Citrated human plasma (obtained from the Blood Bank of the University 
of Chicago Clinics; most of the blood used was type A from males) was 
separated from cells on the day it was drawn and stored at —20° until 
required for fractionation. 

Fraction I-II-III—This procedure was adapted from Method 10 of 
Cohn et al. (21). To 200 ml. of plasma placed in a bath of —6°, 800 ml. 
of alcohol reagent (250 ml. of 95 per cent ethanol plus 2.5 ml. of 4.8 m 
acetate buffer, pH 4.0, diluted to 1 liter with distilled H.O and previously 
cooled to —6°) were added in a fine stream with vigorous stirring over a 
period of 5 to 10 minutes. After standing for 30 minutes, the precipitate 
was separated in a refrigerated centrifuge at 3500 r.p.m. The precipitate 
could be stored frozen at this point. 

Fraction B—The precipitate from Fraction I-II-III was dissolved in 
200 ml. of a solution of 0.15 m NaCl and 1.6 K 10-5'm MgCl... The pH of 
the solution was adjusted to 8.4 + 0.05 with 2 per cent Na2CO;3. While 
precooled ethanol was added over a period of 1 hour to a final concentration 
of 25 per cent (67 ml. of 95 per cent ethanol), the temperature was per- 
mitted to drop to —6°. After standing for 2 hours, the inactive precipi- 
tate was separated in a refrigerated centrifuge. After the supernatant 
fluid was adjusted to pH 6.1 + 0.05 with an acetate buffer (pH 4.0, 4.8 m), 
a precipitate, designated Fraction B, formed and was separated by cen- 
trifugation after the solution was permitted to stand for 2 to 4 hours. 

Fraction C—Great care was taken in all succeeding steps to keep the 
temperature at approximately 0°. Fraction B was stirred to a smooth 
paste and suspended in 20 ml. of 0.15 M acetate buffer, pH 5.0, and then 
diluted with 180 ml. of distilled water. After standing for 5 minutes, the 
yellow-green oily precipitate which forms was separated by centrifugation. 
Since freezing of this precipitate resulted in inactivation, it was found most 
desirable to proceed immediately with the next step or store the material 
for only short periods of time at 0°. 

Zone Electrophoresis—The precipitate from Fraction C was dissolved in 
3 to 4 ml. of borate-sulfate buffer (pH 8.6, 0.086 m H;BOs;, 0.025 m NaH>- 
BOs, 0.025 m Na.SO,) and dialyzed with stirring against this buffer to yield 
a protein concentration of approximately 3.5 per cent (this represents the 
maximal concentration which can be used for this step). From a starch 
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slab, prepared as previously described, a section was removed, and the 
protein solution mixed with an appropriate amount of dry starch was sub- 
stituted for the removed section. A small segment of starch was removed 
at one edge of the origin, and in this area was placed a mixture of 1 per 
cent bovine albumin and brom phenol blue in buffer with an adequate 
amount of starch. Since the dye migrates with the albumin, this served 
as a marker for following the progress of the electrophoresis. After equili- 
bration, a potential of 140 volts is applied across the electrodes. Under 
these conditions the current was found to be about 60 ma. At the end of 
18 hours of electrophoresis, or after the albumin had migrated 14 to 17 
cm., the slab was cut into 1.0 cm. sections, including the region on both 
sides of the albumin marker. The starch segments were mixed with a 
small amount of cold buffer in previously chilled beakers and then poured 
into chilled columns containing fritted glass filters. Additional buffer was 
used for total displacement of activity from the starch. 

The solutions so prepared contained the purified inhibitor. For certain 
purposes it was necessary to concentrate these solutions. This was ac- 
complished either by high speed centrifugation in a cellophane bag sup- 
ported by a nylon cloth, or by the use of an electrophoresis-convection 
apparatus (manufactured by the E. C. Apparatus Company). These op- 
erations were also conducted in the cold (1-3°). 

For preparation of large amounts of material, the zone electrophoresis 
was carried out in two stages. Initially a large quantity of Fraction C 
(equivalent to 600 to 1000 ml. of plasma) was placed on the slab in a 2 to 
4 cm. band. Partially purified fractions from this slab were pooled, con- 
centrated, and again subjected to electrophoresis from a narrow 1 cm. 
band, or the fractions from the first slab were stored at —20° to be pooled 
with fractions from several slabs before final purification by a second elec- 
trophoresis. The fractions displaced from the starch, when concentrated 
to approximately 0.7 mg. of N per ml. of buffer, were stable at least 6 
months at —20°. By the procedure described, the maximal purity ob- 
tained was 800-fold over the original plasma, with a yield of 3 to 4 per cent 
of the total activity. 


Efficiency of Purification 


Numerous studies on purification of the inhibitor have been carried out, 
but, since methods other than those described above were less efficient, 
they are not detailed. 

Previous studies (4) have indicated considerable temperature lability. 
Additional studies carried out with sera indicate that the activity is stable 
for 24 hours at 0° between pH 6.0 and 8.6. 

In a previous publication (4) it was indicated that the inhibitor is pre- 
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cipitated from plasma in Fractions II and III by Method 6 of Cohn, but 
subsequent studies indicated that a more efficient procedure could be de- 
vised if the first step of Method 10 was utilized. Under these conditions 
80 to 100 per cent of the activity could be recovered in the combined 
Fraction I-II-III which presumably contains y-globulins, 6-lipoproteins, 
lipide-poor euglobulins, cold insoluble globulins, isoagglutinins, plasmino- 
gen, fibrinogen, and prothrombin. 

Attempts at further purification by the extraction procedures described 
by Cobn and coworkers (21) led to complete inactivation of the material 
and hence only the first step of this process could be utilized; further 
purification was carried out by a procedure adapted from that of Goldberg 
and Haas (7). The purification of Fraction B was studied in some detail, 
and it was found that dilution between ten and twenty times gave optimal 


TABLE 
Purification of Hyaluronidase Inhibitor of Human Blood 
Fraction* No. of experiments Mean yield 
me | per cent 
I-II-III 11 3.1 + 0.2 99 + 4.6 
B 19 13.1 + 2.9 50 + 4.4 
C 25 28.0 + 2.5 19 + 1.5 


* See description in the text for procedures utilized to obtain these fractions. 
t Enzyme inhibition per mg. of N. 


yields of inhibitor. Similar results were obtained by Wattenberg and Glick 
(11). Purification achieved in the first three steps is indicated in Table I. 

Fraction C was heterogeneous, as evidenced by electrophoresis and sed- 
imentation. Unsuccessful attempts were made to purify this material by 
means of the method of Oncley, Gurd, and Melin (22) for isolating B- 
lipoprotein, involving flotation of the activity in either 1 M or 5 M NaCl in 
a preparative ultracentrifuge. The activity was found to sediment. Am- 
monium sulfate precipitation of Fraction C yielded unsatisfactory results. 

Purification of Fraction C by zone electrophoresis was first undertaken 
with a Veronal buffer at pH 8.6, 1 = 0.1, but it was found that the material 
was unstable in this buffer. Better stability was achieved when a borate 
buffer was utilized. An example of the distribution of activity on zone 
electrophoresis is illustrated in Table IT. 

It will be noted that the best preparations showed a purification of 426 
times over plasma as expressed in terms of enzyme inhibition per mg. of 
N. When larger quantities were prepared as described above, purification 
up to 800 times was achieved. 
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Physical Properties 


The material obtained by the purification procedure described was sub- 
jected to free solution electrophoresis in a Spinco electrophoresis apparatus 


after concentration by electroconvection (which also removed traces of ; 


soluble carbohydrates from the starch) and dialysis against appropriate 
buffers. The patterns obtained in three buffers of pH 8.6, u = 0.1 (Fig. 1), 
indicate substantial homogeneity. It was noted that much higher mobili- 


TaBLE II 


Purification and Yield of Inhibitor by Zone Electrophoresis in Veronal and 
Borate Buffers, pH 8.6, wp = 0.1 


Fraction Distance migrated pete ries Yield of activity Nitrogen 


Veronal buffer 


cm. per cent mg. per ml. 
Original 25 100 4.5 
1 3-5 2.5 2 1.3 
2 5-6 65 20 0.45 
3 6-7 380 18 0.062 
4 7-8t 120 2 0.022 
5 8-10 80 2 0.022 
Borate buffer 
Original 29 100 5.9 
1 9-10 19 4.9 0.71 
2 10-11 120 18 0.43 
3 11-12 340 26 0.22 
4 12-13t 430 29 0.19 
5 13-14 220 8.4 0.11 


* Enzyme inhibition per mg. of N. 
tT Position of albumin marker. 


ties (Table III) were obtained in Veronal-borate and borate-sulfate buffers 
than in Veronal buffer. The increase in mobility in borate- and sulfate- 
containing buffers is quantitatively different for different proteins (23). 
Electrophoresis in each of these buffers is thus an independent test of ho- 
mogeneity. 

Diffusion studies were conducted on the samples in a borate-sulfate 
buffer at 1°. The diffusion constant Do = 3.4+0.3 X 1077 sq. cm. per 
second at a concentration 0.56 per cent. On the basis of this value and 
assuming a partial specific volume of 0.74, the molecular weight was esti- 
mated as 100,000. Sedimentation was carried out in an analytical ultra- 
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centrifuge at 59,780 r.p.m. At 0.49 per cent in a borate-sulfate buffer, u 
= 0.1, pH 8.6, the sedimentation constant was found to be s2,, = 3.78. 


TABLE III 
Mobility of Hyaluronidase Inhibitor in pH 8.6 Buffers, wu = 0.1 
Buffer Concentration Mobility 
per cent sq. cm. per sec. per volt 


* The buffer consists of 0.011 mM barbiturie acid, 0.075 m sodium barbiturate, 0.025 
wu sodium borate, and 0.086 boric acid. The mobilities were calculated from descend- 
ing limb patterns, for 0°. 


Fic. 1. Electrophoretic and ultracentrifuge patterns. The upper three tracings 
are descending electrophoresis patterns in borate-sulfate (Curve 1), Veronal (Curve 
2), and Veronal-borate buffer (Curve 3) after 90 minutes at about 7.5 volts per em. 
The lower tracing is an ultracentrifuge pattern obtained at 21° in borate-sulfate 
buffer, 64 minutes after reaching a speed of 59,780 r.p.m. Starting boundaries in 
electrophoresis are shown by arrows. 


Fig. 1 illustrates the sedimentation pattern, showing only a single peak, 
but there is evidence of minor components (approximately 10 per cent) 
of lower sedimentation constant which may be due to change of the in- 
hibitor in the course of sedimentation. There was approximately a 25 
per cent decrease of activity after ultracentrifugation. 
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The refractive increment, An/Aw (gm. per ml.), was found to be 0.173. 
The results of a variety of chemical analyses which have been conducted 
on the meager amounts of material so far available are presented in Table 
IV. 

The finding of a carbazole reaction is of interest in view of the possibility 
that the inhibitor may contain a carbohydrate moiety simulating the sub. 
strate of hyaluronidase. The spectrum of the solution obtained as 4 
result of the carbazole reaction on the inhibitor closely resembled that ob- 
tained from an authentic sample of glucuronolactone. Insufficient ma- 
terial was available for more positive identification of glucuronic acid. 

The ultraviolet spectrum of the inhibitor, together with a control spec. 
trum of albumin, is illustrated in Fig. 2. The contents of tyrosine and 


TaBLeE IV 
Analysis of Hyaluronidase Inhibitor 
Analysis Composition 

per cent 


tryptophan were calculated from this spectrum, which yielded a value of 
8.5 for E1%, at 280 mu. 

In order to determine the amino acid composition, a sample was hy- 
drolyzed for 16 hours in 6 N HCl in a sealed tube at 100°. This was sub- 
jected to paper chromatography and compared with a sample of bovine 
albumin hydrolyzed and chromatographed in the same way. Color was 
developed by a ninhydrin stain. The following amino acids were demon- 
strated: cysteic acid, aspartic acid, glutamic acid, serine, glycine, threonine, 
alanine, tyrosine, lysine, arginine, valine or methionine, and leucine or 
isoleucine. 


Activity of Purified Inhibitor 


In order to determine whether the activity of the isolated hyaluronidase 
inhibitor is similar to that of serum, a series of kinetic studies similar to 
those previously reported by Dorfman, Ott, and Whitney (4) was per- 
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Fic. 2. Ultraviolet absorption spectra of bovine serum albumin and human serum 


hyaluronidase inhibitor. Spectra for each protein in 0.15 m NaCl and in 0.1 N NaOH 
are shown. 


UNITS OF ENZYME INHIBITED 
Ww 


Oo 02 O03 04 05 O06 O7 O08 O9 410 
ML. OF PURIFIED INHIBITOR ADDED 


Fig. 3. Relationship of purified inhibitor and enzyme inhibition 


formed. The relationship of the concentration of inhibitor and activity is 
illustrated in Fig. 3. A linear relationship was demonstrated. Studies of 
the rate of reaction and the magnesium requirement yielded results which 
were identical with those previously published. 

In view of the claims of Glick and coworkers (24, 25) that the hyalu- 
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ronidase inhibitor may consist of a heparin complex, some studies were 
carried out to determine the effects of the highly purified material upon 
the clotting mechanism.! Evidence was obtained of contamination of the 
material with thrombin-like material, but the amount of this did not cor. 
respond to the inhibitor activity. It was thus impossible to determine 
whether any heparin-like activity was present. 


DISCUSSION 


It has been widely recognized that concurrent with the existence of a} 
variety of diseases a number of demonstrable blood changes occur. These } 


have been termed “acute phase reactions” and have recently been reviewed 
with particular respect to rheumatic fever (26). The nature of these 
changes and their biological and pathological significance remain obscure, 
Particularly interesting is the non-specific hyaluronidase inhibitor in view 
of the known capacity of the enzyme hyaluronidase to degrade certain of 
the polysaccharide components of the ground substance of connective 
tissue. 

The mechanism of inhibition of hyaluronidase by this blood substance 
is obscure, but the demonstration of the presence of glucosamine and 
possibly uronic acid suggests that the inhibitor may have some chemical 
similarity to the substrates of this enzyme and may possibly act as a com- 
petitive inhibitor. The absence of sulfate would seem to rule out the 
previous suggestion of Glick and coworkers (24, 25) that the blood inhibitor 
is a heparin complex. 


SUMMARY 


A homogeneous substance has been isolated from blood which inhibits 
bovine testicular hyaluronidase. It has been found to contain amino acids 
and hexosamine and gives the carbazole color reaction for uronic acid. 
It contains less than 0.1 per cent sulfur as sulfate, less than 0.2 per cent 
phosphorus, and less than 5 per cent lipides. No evidence for the presence 
of heparin was found. The molecular weight was estimated at 100,000, 
the mobility in Veronal buffer at pH 8.6, u = 0.1, was —5.4 & 10-5 sq. cm. 
per second per volt, the sedimentation constant was so, = 3.75, and the 
diffusion constant was Do = 3.4 + 0.3 X 1077 sq. cm. per second. 
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STUDIES OF THE ENZYMES OF PURINE METABOLISM 
IN SKIN 


I. GUANASE ACTIVITY OF RAT SKIN* 


By WALTER D. BLOCK anp DORIS V. JOHNSON 


(From the Department of Dermatology and Syphilology, Medical School, and the Institute 
of Industrial Health, University of Michigan, Ann Arbor, Michigan) 


(Received for publication, February 21, 1955) 


Purine-catabolizing enzymes are widely distributed among various tis- 
sues of mammalian organisms (1-5). There are indications that, at least 
in the case of the white rat, some of these enzymes are also present in skin. 
Barry et al. (6) and, more recently, Westerfeld and Richert (5) have found 
xanthine oxidase in rat skin. We have confirmed this finding (7) and have 
further shown that. adenosine deaminase and possibly guanosine deaminase 
are also present in the skin of this animal (8). The purpose of the present 
paper is to report in detail experiments on the guanase and adenase ac- 
tivity of rat skin extracts previously reported in preliminary studies (9). 


Methods 


White rats of the Wistar strain, 150 to 200 gm. in weight, were sacrificed 
by decapitation. The hair was removed from the back and abdomen by 
clipping and dry shaving. During the removal of the shaved skin from 
the carcass, the subcutaneous fat and underlying tissue were simultane- 
ously peeled away. Histological examination of this preparation showed 
it to consist almost entirely of dermis and epidermis; no muscle tissue and 
only traces of subcutaneous fat remained. 

3 gm. of tissue were cut into small pieces and extracted with 10 ml. of 
cold 0.075 m borate buffer (pH 7.60) by grinding with sand in a cold mor- 
tar and pestle for 15 minutes. The material was then centrifuged for 5 
minutes at 3000 r.p.m. and 0° in a size 2 International centrifuge. 1 ml. 
of supernatant fluid was incubated in the Warburg apparatus with 1 mg. 
of guanine (dissolved in 1 ml. of 0.01 N NaOH) for 2 hours at 38°. Incu- 
bations were carried out anaerobically (100 per cent N.) to suppress xan- 
thine oxidase activity. At the end of the incubation period, the mixture 
was deproteinized with 0.5 ml. of 10 per cent perchloric acid (final con- 
centration 2 per cent) as recommended by Kalckar (10). 

Assays for enzyme activity were based on two determinations. Am- 


* A preliminary report of this work was presented at the meetings of the American 
Society of Biological Chemists, Atlantic City, 1954. 
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monia production was measured by the Conway microdiffusion technique 
(11). Guanine disappearance and xanthine production were measured 
simultaneously by following changes in the ultraviolet absorption curves 
of the deproteinized incubation mixtures at 260 and 290 my with the 
Beckman model DU spectrophotometer. Ultraviolet absorption meas- 
urements were carried out in 0.1 N NaOH. This procedure for the analy- 
sis of binary purine mixtures (12) is particularly applicable to the problem 
in question, since the skin extracts did not contain significant amounts of 
endogenous purines. 

As a further criterion in the identification of the reaction product, one- 
dimensional chromatograms were run (see Table II). The material was 
chromatographed by the ascending technique for 24 hours on Whatman 
No. 1 filter paper at 22°. The solvent used was a butanol-ethyl alcohol- 
water mixture (50:15:35) described by Markham and Smith (13). 

The purine compounds used in these experiments were obtained from a 
commercial source! and were used without further purification. In order 
to test the homogeneity of these materials the compounds were subjected 
to one-dimensional chromatography in a number of different solvents. 
These included butanol, saturated with H.O in a 2.5 per cent NH,OH 
atmosphere (12); butanol, saturated with a 10 per cent urea solution 
(14); butanol-diethylene glycol-H2,O mixture (4:1:1) (15); butanol-ethyl 
alcohol-H,O (50:15:35) (13); and butanol-H.O-formic acid (77:13:10) (13). 
Both guanine and xanthine behaved as homogeneous materials in all of 
these solvents. 

Values for D/Dmax. were also determined on these materials.2. These 
values were compared with the values reported by Hotchkiss (12) and were 
found to agree satisfactorily. 

The skin extracts, without addition of purine compounds, were also sub- 
jected to one-dimensional chromatography with the solvents described 
above. 

Spots on the chromatograms were identified by inspection under a 
Mineralight lamp* (model V-41) with a wave-length of approximately 250 
my. 


Results 


Representative experiments showing deamination of guanine by the 
skin extracts, together with control experiments, are recorded in Table I. 


1 Nutritional Biochemicals Corporation, Cleveland, Ohio. 

2? D/Dmax. is the ratio of the optical density at a given wave-length to the optical 
density at the wave-length of maximal absorption. These values, determined over 
the range from 240 to 310 my, are characteristic of the individual purines and are in- 
dependent of concentration. 

3 Research Equipment Corporation, Oakland, California. 
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It can be seen from these figures that there is good agreement between the 
values for per cent deamination and for per cent of xanthine formed. 
Additional controls in these experiments consisted of the following de- 
terminations: (1) guanine and xanthine mixed with the skin extract and 
immediately deproteinized, and (2) xanthine incubated 2 hours with buffer. 
In none of these control experiments was there any significant change in 
either compound, based on ammonia determinations or on changes in the 
ultraviolet absorption curves. 

In experiments in which the conversion of guanine to xanthine went 
nearly to completion, ultraviolet absorption curves determined on the in- 
cubation mixture were compared with those for pure xanthine and pure 


TABLE | 
Guanase Activity of Rat Skin Extracts 
Guanine incubated 2 hrs. with penne See Guanine incubated 2 hrs. with 
skin extract 
Experiment 
No. 
Deamination* | Xanthine | Xanthine’ | Deaminationt | Xanthine 
if Ee mene. per cent per cent per cent per cent 
1 1.2 0.7 99.3 90.4 92.7 
2.3 0.9 98 .6 81.2 83.1 
3 2.1 1.2 97.7 91.2 90.8 
4 3.4 2.7 98 .2 100.0 99.8 


* Figures based on values for ammonia production. 100 per cent deamination is 
equivalent to 112.7 y of ammonia liberated. 

t Figures based on ultraviolet absorption measurements taken with the Beckman 
DU spectrophotometer. See the text for details of the procedure. 


guanine (from 240 to 310 my). The curve obtained on an incubation mix- 
ture in which there was 96 per cent deamination is shown in Fig. 1. The 
curve run on the incubation mixture (Curve A) was identical, within ex- 
perimental error, with that for pure xanthine (Curve B). The shift in the 
absorption spectrum can be seen by comparing these curves with that for 
pure guanine (Curve C). 

One-dimensional chromatograms were carried out on the deproteinized 
incubation mixtures in a butanol-ethyl aleohol-H.O mixture. In none of 
these experiments was it possible to demonstrate the presence of endoge- 
nous purines in the skin extract, either before or after incubation. Re 
values obtained in a typical experiment are recorded in Table II. The 
extent of deamination in this experiment was 100 per cent. The spot re- 
sulting from a 2 hour incubation of guanine with the skin extract was 
identical in position both with the spot for pure xanthine and for xanthine 
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incubated with the skin extract under identical conditions. In this ex- 
periment, there was no material left at the starting line. In a similar ex-|  ,;, 
periment, in which the extent of deamination was 75.7 per cent, a spot | ag 
was obtained corresponding to the position of pure xanthine and a much} {9 
weaker spot corresponding to the position of pure guanine. 
1.4 
e 
> 1.2: 
ha 
os. 
O6- 
240 250 260 270 280 290 300 310 an 
WAVE LENGTH, m co 
Fig. 1. Ultraviolet absorption spectra of guanine after 2 hours incubation with fa’ 
skin extract (Curve A), pure xanthine (Curve B), and pure guanine (Curve C),. in 
Purine concentration 20 y per ml. 7 
TaBLe II 
Results of Chromatographic Experiments on Guanase Activity of Rat Skin Extracts i 
Rr in butanol-ethanol- tis 
water (50:15:35) 
Xanthine incubated 2 hrs. with skin extract................... 0.16 Wi 
Guanine (extent of deamina- of 
0.16 
be 
ev 
1200 
he 
1000- 
800; 
600; 
400 
200; in 
0: 
0 BD 4 6 75 90 
MINUTES 
Fic.2. Enzymatic conversion of guanine to xanthine by rat skin extracts. Solid I 
line, xanthine produced; broken line, ammonia liberated. 2 
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Results of a study of activity versus time are recorded in Fig. 2. Ac- 
tivity was linear during the first 45 minutes of incubation, with good 
agreement between the values for ammonia production and xanthine 
formation. 

These extracts were also investigated for adenase activity. No evidence 
for adenase activity was obtained under the same experimental procedures 
described for the guanase experiments. 

Preliminary experiments on a number of samples of normal human skin 
have so far failed to show the presence of any purine-catabolizing enzymes. 


DISCUSSION 


As mentioned previously, the presence of xanthine oxidase in rat skin 
has been demonstrated (5, 6). Previous work from this laboratory indi- 
cated that rat skin also contains adenosine deaminase and probably small 
amounts of guanosine deaminase. It would therefore seem that rat skin 
contains a system for the catabolism of purines. The possibility that the 
failure to demonstrate adenase activity in the skin extracts may be a failure 
in the extraction procedure is not excluded. The apparent absence of ade- 
nase activity is, however, consistent with the limited distribution of this 
enzyme in other tissues. 

The linear curve obtained for extent of deamination with time is con- 
sistent with the simple hydrolytic cleavage of guanine reported in other 
tissues. 

The failure to demonstrate the presence of purine-catabolizing enzymes in 
human skin may have resulted from the inadequacy of the extraction pro- 
cedure as applied to human skin. These results are, however, consistent 
with the findings of Barry et al. (6), who were unable to show the presence 
of xanthine oxidase in human skin, and of Gellhorn (16), who found that 
human skin does not deaminate 8-azaguanine. Such apparent differences 
between the two species are interesting. Further work is necessary, how- 
ever, before one can say unequivocally that the enzymes are not present in 
human skin. 


SUMMARY 


Evidence is presented for the existence, in rat skin extracts, of an en- 
zyme which deaminates guanine to form xanthine. Adenase activity is 
apparently absent in this tissue. Neither enzyme appears to be present 
in human skin under the experimental conditions described. 
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THE ESTIMATION OF THE FATTY ACID COMPOSITION OF 
BACTERIAL LIPIDES* 


By KLAUS HOFMANN, CHAO-YING YUAN HSIAO, DOV B. HENIS, 
AND CHARLES PANOS 
(From the Biochemistry Department, University of Pittsburgh, School of 
Medicine, Pittsburgh, Pennsylvania) 


(Received for publication, March 23, 1955) 


As the initial phase in our attempts to elucidate the mechanism of the 
stimulation of bacterial growth by lipides, we have investigated the chemi- 
cal nature of the fatty acids of Lactobacillus arabinosus (1), Lactobacillus 
caset (2), a Streptococcus species (3), and Agrobacterium tumefaciens (4). 
Large quantities of these various organisms were grown under controlled 
conditions, and the fatty acids were characterized by both chemical and 
physical methods. Although providing information on the chemical na- 
ture of the various fatty acids, these preliminary studies gave only a crude 
estimate of the quantitative distribution of these substances in the bacterial 
lipides. 

A method for the estimation of individual fatty acids in small samples of 
bacterial lipides was required in order to permit insight into the metabolic 
interplay among the various fatty acids in bacteria, and to allow in- 
vestigation of the effect of alterations of the culture medium upon their 
fatty acid spectrum. 

In 1950, Boldingh (5) devised a chromatographic microtechnique for 
the determination of the composition of mixtures of straight chain, satu- 
rated fatty acids. We have now developed a modification of this pro- 
cedure which allows determination of monounsaturated, saturated, and 
branched chain fatty acids in small samples of bacterial lipides. It is the 
purpose of this communication to describe our technique and its applica- 
tion to the analysis of synthetic fatty acid mixtures and to the determina- 
tion of the fatty acid spectrum of five microorganisms. 


EXPERIMENTAL 
Preparation of Solvents and General Comments 


Acetone was purified by distillation from a mixture of solid potassium 
permanganate and anhydrous potassium carbonate. Petroleum ether 


* Supported by grants from the American Cancer Society, recommended by the 
Committee on Growth of the National Research Council, the Rockefeller Founda- 
tion, and Ciba Pharmaceutical Products, Inc., Summit, New Jersey. Presented in 
part at the Thirty-ninth annual meeting of the Federation of American Societies for 
Experimental Biology, San Francisco, April, 1955. 
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(low and high boiling) was washed with concentrated sulfuric acid and 
water, dried over potassium hydroxide pellets, and distilled. Freshly dis- 
tilled, sodium-dried ether was employed. 

The acetone-water mixtures were prepared by placing in a 1 liter volu- 
metric flask the desired volume of acetone (i.e. 350 ml. for Solvent A35, 500 
ml. for Solvent A50, 580 ml. for Solvent A58, and 640 ml. for Solvent AG4) 
and filling to the mark with doubly distilled water. One analysis requires 
approximately the following quantities of these solutions: A35, 1000 ml.; 
A50, 500 m!.; A58, 500 ml.; and A64, 2000 ml. Solvents A58 and A64 
were equilibrated with petroleum ether (b.p. 100—-140°) on a mechanical 
shaker for 1 hour at room temperature, and the hydrocarbon was left in 
contact with these solvents during storage. The titrations were carried 
out (under a stream of nitrogen) with 0.01 N sodium hydroxide, 1 drop of 
a 1 per cent solution of phenolphthalein in absolute ethanol serving as the 
indicator. The extraction and washing procedures employed in the iso- 
lation of the fatty acids from the bacteria were performed in counter- 
current fashion by the use of three separatory funnels (under nitrogen 
whenever possible). 


Cultivation of Microorganisms 


The organisms (L. arabinosus and L. casei) were cultured under the con- 
ditions previously described (1, 2). The medium described later was em- 
ployed for the mass culturing of Lactobacillus delbrueckii; the Tween was 
omitted. After an incubation time of 48 hours at 35°, the cells were col- 
lected in a Sharples supercentrifuge, washed with distilled water, and ly- 
ophilized. From 10 liters of medium, 10 to 12 gm. of dried cells were ob- 
tained. 


Extraction of Fatty Acids 


The dry bacteria (10 gm.) are suspended in 100 ml. of 2 N sulfuric acid 
and the mixture is autoclaved at a pressure of 15 pounds per sq. in. for 90 
minutes. Hyflo Super-Ce! (10 gm.) is added to the cooled hydrolysate and 
suspended throughout the solution by swirling. The mixture is filtered 
through two layers of Whatman No. 41 filter paper on an 8 em. Biichner 
funnel, and the filter cake washed with two 10 ml. portions of water and 
sucked as dry as possible. ‘The filter cake plus filter paper is then refluxed 
for 2 hours with 100 ml. of boiling acetone, the mixture filtered, and the 
solids reextracted with two 100 ml. portions of acetone and one 100 ml. 
portion of ether. The acetone extracts are combined, water (100 ml.) is 
added, and the bulk of the acetone is removed under diminished pressure. 
The resulting suspension is extracted with ether, the ether layer is combined 
with the ether extract of the filter cake, and the ethereal solution washed 
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successively with 5 per cent sodium bicarbonate and water, and dried with 
anhydrous sodium sulfate. Evaporation of the ether affords the crude 
lipides, which are then refluxed for 4 hours with a sclution of potassium 
hydroxide (2.8 gm.) in water (2.8 ml.) plus ethanol (12 ml.). The bulk of 
the ethanol is removed by blowing a stream of nitrogen through the solu- 
tion at 80°. The residue is cooled to room temperature, transferred to a 
separatory funnel, and extracted with ether. The ether extract is dis- 
carded and the aqueous layer acidified to Congo red with 50 per cent sul- 
furic acid, and the fatty acids are isolated in the usual manner and dried 
to constant weight over phosphorus pentoxide in vacuo. The yield of free 
fatty acids from 10 gm. of the various organisms was L. arabinosus 190 
mg., L. casei 199 mg., and L. delbrueckii 180 mg. Streptococcal and Phy- 
tomonas fatty acids were available from our large scale experiments (3, 4). 


Hydroxylation of Fatty Acids 


A sample of the fatty acids (100 mg.) is mixed with 0.5 ml. of 88 per 
cent formic acid and the solution is cooled to 0°. Hydrogen peroxide (0.1 
ml. of 30 per cent) is added and the mixture is shaken for 15 minutes at 
0° and then kept at 40° for 2 hours. Mixing is effected by bubbling a 
stream of nitrogen through the solution. ‘The formic acid is removed in 
vacuo, 3.N potassium hydroxide (8 ml.) is added, and the mixture is re- 
fluxed for 24 hours. ‘The solution is acidified with 20 ml. of 2 N hydro- 
chloric acid, and the hydroxylated fatty acids are isolated in the usual 
manner and dried to constant weight over phosphorus pentoxide in vacuo. 
Samples of oleic acid were hydroxylated by this procedure and the ensuing 
dihydroxy acids were chromatographed. The recoveries of “dihydroxy” 
acid (expressed as oleic acid) from the column ranged from 90 to 95 per 
cent. 


Chromatographic Procedure 


Purification and Swelling of Mealorub'\—The Mealorub (100 gm.) is sus- 
pended in 400 mi. of acetone (containing 1 per cent, by volume, of con- 
centrated hydrochloric acid), and the suspension is agitated on a mechani- 
cal shaker for 1 hour and then kept at room temperature for 12 hours. 
The acetone is decanted and the rubber powder reextracted with two 
300 ml. portions of the acetone-hydrochloric acid mixture, followed by 
four 300 ml. portions of pure acetone. ‘The washed Mealorub is collected 
on a bed of glass wool in a large glass funnel and percolated with acetone 
until the filtrate becomes clear. The acetone-saturated rubber is then 
stored in a glass-stoppered bottle. An 8 month-old sample gave excellent 


‘The powdered, vuleanized Hevea rubber, Mealorub, was obtained through the 
courtesy of Mr. J. F. Frank, 120 Wall Street, New York 5, New York. 
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performance. For chromatographic use, the acetone-saturated Mealorul 
(60 gm.) is placed in a mortar, layered with petroleum ether (b.p. 40-60°), 
and ground with a pestle until an even suspension results. This suspension 
is then worked through a 20 mesh sieve, the powder being covered with 
petroleum ether during the entire operation. The sti ‘ned particles are 
collected and stored in a glass-stoppered bottle. For the preparation of a 
chromatographic column, a suitable sample of the “swelled rubber’’ is re- 
moved, and the excess petroleum ether is evaporated in vacuo. 

Preparation of Mealorub Column—The processed Mealorub (9.0 gm.) is 
evenly suspended in a mixture of acetone (84 ml.) and petroleum ether (b.p. 
100-—140°) (12 ml.); water (45 ml.) is added and the suspension is poured 
into a chromatogram tube of 13 mm. inside diameter and 64 cm. length. A 
plug of glass wool is employed to keep the Mealorub column in place. The 
stop-cock at the lower end of the chromatogram tube is kept open during 
the pouring of the column, the effluent serving to transfer the Mealorub 
quantitatively into the tube. Gentle tapping of the walls of the tube 
during the procedure insures even settling of the particles. A second plug 
of glass wool is then inserted, and the column is gently pressed with a glass 
rod to insure firm packing. The column of material must be kept covered 
with solvent throughout the entire procedure. The finished column has 
a height of 42-48 cm. and should not contain any entrapped air. It is 
washed with 200 ml. of Solvent A64 and is left in contact with this solvent 
at room temperature for 12 hours. An additional 200 ml. portion of Sol- 
vent A64 is then passed through the column, followed by 100 ml. of Sol- 
vent A35. A 400 drop sample (11 ml.) of these last washings should give 
a blank titration not exceeding 0.05 ml. of 0.01 N sodium hydroxide. The 
last washing is drained until the meniscus of the solvent has reached a 
point approximately 1 cm. above the top of the Mealorub. 

Introduction of Sample and Elution—A sample of hydroxylated fatty 
acids (25 to 60 mg.) is dissolved in 0.8 ml. of a 1:1 mixture of acetone and 
petroleum ether (b.p. 100—140°) with slight warming. The liquid meniscus 
in the column is then lowered until it bas reached a point approximately 
1 cm. below the top of the Mealorub and the solution of-the hydroxylated 
fatty acids is introduced with a pipette. To insure quantitative transfer 
of the sample, the container and pipette are rinsed with several 1 ml. por- 
tions of Solvent A35, which are then added to the column. The column 
is mounted on a Technicon automatic fraction collector and set to provide 
a drop rate of approximately 90 drops per minute. The impulse counter 
is adjusted to collect fractions of 400 drops each (approximately 11 ml.). 
The column is then eluted with the acetone-water mixtures in the sequence 
A35, A50, A58, and A64. The individual fractions are collected in rimmed 
test-tubes (6 inches X 2 inch) and titrated with 0.01 N sodium hydroxide. 
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The meniscus of each solvent is allowed to fall to the top of the Mealorub 
prior to the introduction of the next solvent? In these experiments, we 
have usually collected forty to 60 fractions of A385, twenty fractions of A50, 
twenty fractions of AS8, and 70 fractions of AG4. However, the volume 
necessary in order to insure quantitative elution of a given fatty acid ina 
mixture of unknown composition must be predetermined by special ex- 
periment. The columns were operated at a temperature of 27° + 2°. 


Microbiological Evaluation of the (Cis + Cig) Fraction 


Preparation of Samples for Assay—The contents of the titrated tubes 
containing the (Cys + Cy) eluates are combined, acidified to Congo red 
with 50 per cent sulfuric acid, and concentrated under nitrogen to a volume 


KLETT READINGS 
8588886 


« 


60 80 (00 I20 
MICROGRAMS PER TUBE 
Fig. 1. Standard lactobacillic acid growth curve determined with L. delbrueckii 


of approximately 150 ml. in vacuo (bath temperature, 80°). The residue 
is extracted with one 60 ml. and two 30 ml. portions of ether, and the ex- 
tracts washed successively with 5 per cent sodium bicarbonate and water, 
and dried over anhydrous sodium sulfate. The ether is evaporated and 
the fatty acids are dried to constant weight in vacuo. The fatty acids are 
dissolved in 10 ml. of 70 per cent ethanol, and suitable aliquots of the 
solution are added to the assay tubes. One aliquot of the solution is ti- 
trated with 0.01 N sodium hydroxide for determination of its fatty acid con- 
tent. 

Assay Procedure—The lactobacillic acid content was determined with L. 
delbrueckii (ATCC 9649). The medium of Craig and Snell (6) was em- 


? Care must be exercised with Solvents A58 and 64, which are layered with petro- 
leum ether. The petroleum ether layer must not come in contact with the top of 
the Mealorub since this causes swelling of the rubber with consequent clogging of 
the column. 
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ployed, with the addition of calcium pantothenate (80 y per 100 ml. of 
double strength medium) and the omission of oleic acid and biotin. A 
vitamin-free casein hydrolysate* (10 ml. per 100 ml. of double strength 
medium) was added, and the enzymatic casein digest was omitted. After 
an incubation time of 25 + 4 hours at 35°, growth was determined turbidi- 
metrically with a Klett-Summerson colorimeter equipped with a No. 66 
filter. The uninoculated controls were set at zero. The amount of 
lactobacillic acid was calculated from a standard lactobacillic acid curve 
(Fig. 1) determined simultaneously. The stearic acid content was found 
by subtracting from the total milliequivalents of fatty acid, estimated by 
titration, the milliequivalents of lactobacillic acid as measured by micro- 
biological assay. 


RESULTS AND DISCUSSION 


The analytical method which is the subject of this communication was 
devised as a tool to study fatty acid interconversions in microorganisms; 
in particular, to determine palmitic, stearic, cis-vaccenic, and lactobacillic 
acids in small samples of bacterial lipides. We wish to emphasize that, in 
its present stage of development, the method may not prove suitable for 
the separation of other complex fatty acid mixtures. Future experience 
in this and other laboratories will undoubtedly serve to indicate its general 
potentialities and limitations. 

Boldingh (5) achieved the quantitative separation of small quantities of 
even-numbered, saturated, straight chain fatty acids containing from 8 to 
18 carbon atoms, by reversed phase chromatography, using benzene- 
swelled Mealorub as the stationary and acetone-methanol-water mixtures 
as the mobile phase. We were unable to duplicate Boldingh’s results, and 
selected for extensive study the system of Mealorub swollen with petroleum 
ether as the stationary and aqueous acetone as the mobile phase.4 A 
variety of synthetic mixtures composed of different proportions of even- 
numbered, straight chain, saturated fatty acids ranging from 8 to 18 car- 
bon atoms were separated by the use of this system, with excellent re- 
coveries of the individual components. Initially, we employed the sol- 
vent sequence A35, A50, A58, A64, A69, and A74 for the elution of Cg, 
Cio, Cro, Cu, Cis, and Cig straight chain fatty acids, respectively. The 
results of a typical experiment demonstrating the high resolving power of 
this system are given in Table I (Experiment 1). More experience with 
the method led to the observation that Solvent A64 brings about the quan- 


3 ‘‘Vitamin-free’’ casein hydrolysate, General Biochemicals, Inc., Chagrin Falls, 


Ohio. 
‘ We wish to express our gratitude to Dr. J. Boldingh for suggesting this system to 


us. 
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titative elution of myristic, palmitic, and stearic acids in three well de- 
fined bands, rendering unnecessary the use of solvents of higher acetone 
content for the separation of these components. We have consequently 
omitted Solvents A69 and A74 in all further experiments. 

Since lactobacillic acid is a major constituent of certain bacterial lipides, 
we attempted the separation of this branched chain component from cer- 
tain straight chain fatty acids. As shown in Table I (Experiment 2), it 
was found that Solvent A64 separates lactobacillic acid from palmitic and 


TABLE I[ 
Determination of Individual Fatty Acids in Synthetic Mixtures* 
Acid Experiment 1 | Experiment 2 | Experiment 3 | Experiment 4 | Experiment St 
mg. mg. mg. mg. mg. 
Goperiie.......... 22.0 (95)t | 30.2 (96) 12.7 (95) 
Capric............| 27.8 (98) | 29.5 (97) 1.1 (100) 
Lauric......._.....| 33.0 (91) 26.9 (87) 2.1 (107) 
Myristic.......... 35.8 (90) | 30.3 (106) | 35.7 (92) 1.6 (92) 
Palmitic.......... 41.2 (94) 31.2 (95) 33.4 (90) 12.8 (105) 4.1 (95) 
Stearic............| 47.0 (92) 4.8 (90) 1.2 (78) 
Lactobacillic...... 51.2 (86) 6.5 (86) 
11,12-Dihydroxy- 
octadecanoic.... 35.7 (110) 


* In our earlier experiments (Experiments 1 to 3), we applied 200 to 300 mg. sam- 
ples to the rubber column. Poor resolution of the Cis and (Cis + Cis) bands was 
observed with large samples containing lactobacillic acid. Optimal resolution was 
achieved in these instances with samples weighing 40 to 60 mg. or less. 

t The (Cis + Cio) fraction (1.2 mg. of stearic acid and 6.5 mg. of lactobacillic 
acid) corresponds to 0.0262 m.eq. of fatty acid. The recovery from the column was 
0.0222 m.eq. (85 per cent). Microbiological evaluation of this material (see the text) 
gave the stearic and lactobacillic acid recoveries shown in parentheses. 

t The figures in parentheses represent per cent recoveries. 


lower even-numbered, straight chain saturated fatty acids. Numerous 
attempts to achieve the separation of stearic acid from lactobacillic acid 
with our system were fruitless since both acids invariably accumulated in 
the same fraction, designated as the (Cis + Cis) fraction. 

In attempts to separate oleic acid from palmitic and stearic acids, 
Boldingh (5) observed that the unsaturated acid leaves the column be- 
tween the palmitic and stearic acid bands, and he was unable to achieve 
the separation of these three compounds. In agreement with Boldingh, 
we have observed that the dihydroxy derivatives of oleic or cis-vaccenic 
acid are readily separable by chromatography from even-numbered, 
straight chain, saturated fatty acids possessing a chain of 10 to 18 carbon 
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atoms. The dihydroxy derivatives are eluted by Solvent A35, but Sol- 
vent A50 is required in order to recover capric acid from the column. <A 
separation of myristic, palmitic, and 11,12-dihydroxyoctadecanoic acids 
is shown in Table I (Experiment 3). For the separation of the mono- 
ethenoid octadecanoic acids from the saturated acids, we subject the mix- 
ture of fatty acids to oxidation with performic acid prior to chromatog- 
raphy. The application of this procedure to the separation of a mixture 
of palmitic, stearic, and oleic acids is shown in Table I (Experiment 4). 
A representative chromatographic pattern illustrating the separation of 
oleic acid, four even-numbered, straight chain fatty acids, and lacto- 
bacillic acid is shown in Fig. 2, which demonstrates the high resolving 
power of the Mealorub column. 


O06: Cig 
{Cig(OHe) 
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Fig. 2. Chromatographic pattern of a synthetic fatty acid mixture (47.8 mg.) 
composed of oleic acid 17.6 mg. (81 per cent), capric acid 1.6 mg. (103 per cent), lauric 
acid 2.2 mg. (110 per cent), myristic acid 2.5 mg. (96 per cent), palmitic acid 13.0 
mg. (98 per cent), lactobacillic acid 10.9 mg. (97 per cent); the figures in parentheses 
represent recoveries from the column. The solvents were changed at the positions 
indicated by the dotted lines. 


The procedure fails to distinguish between oleic and cis-vaccenic acids, 
and knowledge regarding the exact composition of the monoethenoid, 
octadecanoic acid fraction in an unknown mixture of fatty acids must be 
obtained by other means (2). 

As has been mentioned above, the chromatographic method is incapable 
of separating stearic acid from lactobacillic acid. Despite this limitation, 
determination of the lactobacillic acid content of an unknown mixture by 
microbiological assay is possible. We have recently demonstrated (7) that 
lactobacillic acid and a number of closely related fatty acids containing the 
cyclopropane ring have the ability to stimulate growth of a number of 
organisms. One of these organisms, L. delbrueckii, has now been employed 
for the microbiological determination of lactobacillic acid. A_ typical 
growth curve is illustrated in Fig. 1. Mixtures of lactobacillic and stearic 
acids were assayed with L. delbrueckii, and the results given in Table II 
demonstrate that the growth-promoting activity of such mixtures is a true 
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reflection of their content of lactobacillic acid. Within the range of con- 
centration studied, the added stearic acid did not exhibit any synergistic 
or inhibitory effects. The lactobacillic acid content of an unknown mix- 
ture of fatty acids is thus readily determined by microbiological assay of 
the (Cis + Cig) eluate fraction. 

The stearic acid content of the (Cis + Cis) fraction was determined by 
difference. The losses involved in the isolation of the fatty acids from the 
combined eluates and the error (+10 per cent) of the microbiological 
assay limit the accuracy of these determinations. <A stearic acid content 
in the (Cig + Cig) fraction of less than 15 per cent cannot be detected by 
this method. The combination of oxidation with performic acid, rubber 
chromatography, and microbiological assay has resulted in a method which 


TABLE II 
Microbiological Determination of Lactobacillic Acid in Presence of Stearic Acid 


Lactobacillic acid 
Material assayed 
Found Recovery 
meg. mg. per cent 
3.6, 3.9 100, 110 
| 5.3, 5.3 93, 93 
| 2.9, 2.9 105, 105 
| 2.6, 2.7 106, 109 
| 1.0, 0.9 100, 90 


S, stearic acid; L, lactobacillic acid. 


enables us to determine the composition of complex mixtures of fatty acids 
in small samples. The determination of caprylic, capric, lauric, myristic, 
palmitic, stearic, and lactobacillic acids in a 29.3 mg. sample is illustrated 
in Table I (Experiment 5). 

Although the (Cis + Cj9) fraction from a natural source is free from 
microbiologically active, unsaturated fatty acids (these are converted into 
the inactive dihydroxy derivatives by the performic acid treatment and 
are removed by chromatography), it may contain “‘saturated”’ fatty acids, 
with growth-promoting properties for L. delbrueckii, which differ struc- 
turally from lactobacillic acid. 

For example, in L. delbrueckii assays of dl-9-methyl-, dl-10-methyl-, 
dl-11-methyl-, and dl-12-methyloctadecanoic acids,® we have found that the 
9- and 10-methyl derivatives exhibit 41 and 25 per cent, respectively, of 


5 These compounds were obtained through the courtesy of Dr. J. Cason, Depart- 
ment of Chemistry, University of California, Berkeley 4, California. 
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the growth-promoting activity of lactobacillic acid; the 11- and 12-methyl 
derivatives were inactive. Thus, it becomes apparent that the growth- 
promoting activity, for L. delbrueckii, of the (Cig + Cis) fraction derived 
from a natural source does not prove the presence of lactobacillic acid. 
The identity of the growth promoter must be verified by isolation and chem- 
ical characterization. 

The encouraging results with synthetic mixtures prompted application 
of our technique to the analysis of bacterial lipides. Three lactobacilli, 
A. tumefaciens, and a Group C Streptococcus species were selected for 
study. With the exception of L. delbrueckii, the chemical nature of the 
fatty acids of these organisms had been previously explored in our lab- 
oratory (J-4). The fatty acids were isolated from the acid-hydrolyzed 


TaBLeE III 
Fatty Acid Composition of Lipides Derived from Number of Microorganisms 
Fatty acid composition, per cent 
R 
droxy” 10 12 14 16 18 19 
37 .6 2.1 | 2.8 | 2.1 | 24.3] 7.0] 12.6} 88.5 
** delbrueckit............ 45.5 0.5 | 1.1 | 2.5 | 27.5 |} 10.8 | 6.4] 94.3 
Streptococcus sp.......... 38.0 | 0.5 | 5.2 | 4.4 | 26.6 | 18.0 . 92.7 
A. tumefaciens........... 63.6 0.9 4.0) 1.1 8.2 9.4 | 87.2 


* Below detectable limits. 


cells and were then hydroxylated with performic acid. The resulting 
hydroxylated, fatty acid mixture was then subjected to rubber chromatog- 
raphy. The (Cis + Cis) fraction was isolated from the respective eluates 
and assayed with L. delbrueckiiz. The results are summarized in Table 
III. Individual, fatty acid samples were reanalyzed repeatedly by the 
same procedure, and the figures for the “dihydroxy,” palmitic acid and 
(Cig + Cig) fraction were reproducible with an error of +10 per cent. 
Greater variation was observed with those individual fatty acids which 


were present in small proportions. The “dihydroxy” values of the L. 


arabinosus, L. casei, and A. tumefaciens lipides reflect the cis-vaccenic acid 
content of these organisms. Previous work (1, 2, 4) has demonstrated 
that cis-vaccenic acid is the only major monoethenoid component of their 
lipides. 

The streptococcal lipides contain both Cy. and Cys monounsaturated 
fatty acids (3). Since the dihydroxy derivatives of hexadecanoic and 
octadecanoic acids are not separable by our present method, the ‘“dihy- 
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droxy” fraction derived from this organism is representative of its content 
of both hexadecenoic and octadecenoic acids. The lipides of L. delbrueckii 
have not been investigated previously, and the composition of its “‘dihy- 
droxy”’ fraction is unknown. 

The ratio of Cy, and C,s dihydroxy fatty acids in the “dihydroxy” frac- 
tion may be ascertained by chromatography of a duplicate sample which is 
subjected to hydrogenation prior to analysis. Hydrogenation converts the 
Cis unsaturated fatty acids into palmitic acid, whereas the unsaturated 
Cis acids are transformed into stearic acid. Thus, the difference in the 
Cy, and the (Cys + Cig) bands between a hydroxylated and a hydrogenated 
sample of a mixture of fatty acids of unknown composition provides a 
measure of its content of both Cys and Cis unsaturated fatty acids. 

The (Cis + Cg) eluates from the three lactobacilli and A. tumefaciens 
exhibited microbiological activity when assayed with L. delbrueckii. The 
(Cig + Cio) eluates from the streptococcal lipides were inactive. These 
findings are in agreement with our previous demonstration (3) that the 
lipides of the streptococcus species are devoid of lactobacillic acid. The 
microbiological activity of the (Cis + Cig) eluates from L. arabinosus, L. 
caset, and A. tumefaciens is a true reflection of their lactobacillic acid con- 
tent. The growth-promoting activity of the (Cig + Cj ) eluates from L. 
delbrueckii may be caused by lactobacillic acid or another microbiologically 
active ‘“‘saturated”’ fatty acid. From our large scale isolation experiments, 
we estimated a lactobacillic acid content for L. arabinosus, L. casei, and 
A. tumefaciens of 31, 16, and 13 per cent, respectively. We now find 
values of 30.1, 12.6, and 9.4 per cent, respectively. 

As a check on the efficiency of the rubber column, we have isolated the 
Cys acid fraction in a number of experiments and have subjected the re- 
generated fatty acids to L. delbrueckit assay. In all these instances, this 
material was devoid of growth-promoting activity. In addition to these 
major components, we have now demonstrated the presence of small 
quantities of Cio, Cie, and Cy fatty acids in the various bacterial lipides. 
The presence of small proportions of lauric and myristic acids in the lipides 
of the Streptococcus species has been reported previously (3). Fatty acids 
lower than Cg had not been identified in the lipides of the other organisms. 

The present method offers a convenient tool for investigation of the fatty 
acid composition of microorganisms, and, in addition, provides a screening 
technique for microbiologically active ‘‘saturated” fatty acids in natural 
materials. 


SUMMARY 


A method is described for the determination of certain fatty acids in 
small samples of lipides. The method involves (1) the hydroxylation of 


| 

h- 
d. | 
n- 

n 

li, 
or 

e 

b- 

A 

£ 

e 

e 
d 
| 

r 


60 ESTIMATION OF FATTY ACIDS 


the fatty acid mixture with performic acid and (2) a separation of the 
resulting mixture of hydroxylated fatty acids by reversed phase chro- 
matography on rubber columns. Stearic acid and lactobacillic acid are not 
separable from one another by this procedure and accumulate in the same 
eluate fraction from the chromatogram. The lactobacillic acid content of 
this fraction is determined by microbiological assay with Lactobacillus 
delbrueckit. 

The application of this method to the separation of synthetic, fatty acid 
mixtures and to the determination of the fatty acid spectrum of five micro- 
organisms is given. The scope of the method is critically evaluated. The 
lipides of L. delbrueckii are shown to contain a microbiologically active 
“saturated” fatty acid. 


BIBLIOGRAPHY 


. Hofmann, K., Lucas, R. A., and Sax, 8. M., J. Biol. Chem., 196, 473 (1952). 
. Hofmann, K., and Sax, 8S. M., J. Biol. Chem., 205, 55 (1953). 

. Hofmann, K., and Tausig, F., J. Biol. Chem., 213, 415 (1955). 

. Hofmann, K., and Tausig, F., J. Biol. Chem., 213, 425 (1955). 

. Boldingh, J., Rec. trav. chim. Pays-Bas, 69, 247 (1950). 

. Craig, J. A., and Snell, E. E., J. Bact., 61, 283 (1951). 

. Hofmann, K., and Panos, C., J. Biol. Chem., 210, 687 (1954). 


WW 


_ 


t 
Ss 
2 
iv 


CHARACTERIZATION OF A GLYCOPROTEIN IN THE 
URINE OF PATIENTS WITH PROTEINURIA* 


By EDWIN A. POPENOE 


(From the Biochemistry Division, Medical Department, Brookhaven National 
Laboratory, Upton, New York) 


(Received for publication, April 4, 1955) 


In studies on a series of patients with proteinuria, Beckman, Hiller, 
Shedlovsky, and Archibald (1) found that from 4 to 20 per cent of the total 
urinary protein was soluble in 0.25 trichloroacetic acid. The major 
component of the soluble fraction had the electrophoretic mobility of an 
a,-globulin in Veronal buffer of pH 8.6. 

Solubility in aqueous trichloroacetic acid is a characteristic of several 
proteins, among which are certain plasma mucoproteins. The most thor- 
oughly studied of these is an acid mucoprotein isolated by Weimer, Mehl, 
and Winzler (2) and by Schmid (3). The present communication reports 
the results of a more thorough investigation of the trichloroacetic acid- 
soluble protein of urine, undertaken to determine whether it is identical with 
the acid mucoprotein of plasma or whether it is unique to pathological 
urine. 


EXPERIMENTAL 


The urine from a series of children with nephrotic syndrome was the 
starting material. For the preparation of the trichloroacetic acid-soluble 
protein, the urine was exhaustively dialyzed against distilled water. Tri- 
chloroacetic acid, dissolved in a small amount of water, was added to make 
the final concentration 0.25 m. After an hour the precipitated proteins 
were removed by centrifugation and the supernatant solution was dialyzed 
against distilled water to remove most of the trichloroacetic acid. 

All of these operations were carried out in a cold room at 0-5°. In 
order to reduce denaturation to a minimum it was found desirable to re- 
move ‘traces of trichloroacetic acid by passing the solution through a col- 
umn of an anion exchange resin (Amberlite IR-4B) on the acetate cycle 
before concentrating the solution or allowing the temperature to rise. 
The eluate from the column was concentrated to a small volume in a ro- 
tary evaporator (4) and finally dried from the frozen state. 

The protein prepared in this way was precipitable by tungstic acid, by 
saturated ammonium sulfate, and by 5 per cent phosphotungstic acid in 
2N HCl. It was not precipitable by 1.8 m perchloric acid or by 0.6 m 


* This research was supported by the United States Atomic Energy Commission. 
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sulfosalicylic acid. It did not coagulate when an aqueous solution was 
acidified with acetic acid and boiled. 

Immunochemical Studies—The isolation of an a; acid glycoprotein from 
pooled human plasma has been reported by Schmid (3). An antiserum, 
which had been prepared in rabbits by repeated injection of this glyco- 
protein, was generously made available by Dr. David Gitlin.!. A prepara- 
tion of the trichloroacetic acid-soluble protein of urine was tested against 
the antiserum to determine whether or not a positive precipitin reaction 
could be obtained. For the test the micromethod described by Gitlin 
(5) was used. To 1 ml. samples of the antiserum were added solutions 
(1 ml.) of the protein in 0.154 m NaCl ranging in concentration from 0.05 
to 2 mg. per ml. ‘Two blanks in which 1 ml. of 0.154 m NaCl was substi- 
tuted for the antiserum and for the protein solution were run simultane- 
ously. After 1 hour at 37° and 16 hours at 0° the antigen-antibody pre- 
cipitates were each separated by centrifugation, washed twice with 0.154 
M NaCl, and dissolved in 4 ml. of 0.25 N acetic acid. The relative amounts 
of protein were estimated by determining the optical densities of the 
resultant solutions at 280 my. The results of this experiment are shown 
graphically in Fig. 1. The shape of the curve obtained with the trichloro- 
acetic acid-soluble protein of urine through the range of maximal pre- 
cipitation resembles closely the shape of the curve obtained with the 
plasma a; acid glycoprotein. In the region where the glycoprotein antigen 
is in excess the usual decreased precipitation is observed. If it is assumed 
that the protein from urine is approximately 70 per cent acid glycoprotein, 
then the two curves very nearly coincide.? 

Preparations from the urines of several patients were also tested against 
the same antiserum by the modified ring technique developed by Oudin 
(6), in which the antibody is fixed in an agar gel and the antigen is allowed 
to diffuse into the gel. After 4 days each of the urinary protein prepara- 
tions had given rise to a ring corresponding in position to that produced by 
an authentic sample of the plasma acid glycoprotein. 

Identification of Carbohydrate Constituents—50 mg. of the protein were 
heated under a reflux with 50 ml. of N H.SO, for 3 hours. The solution 
was neutralized with saturated Ba(OH)., filtered through a pad of Celite, 
and passed through a column of 4 per cent cross-linked Dowex 50 (1.1 X 
16 cm.) in the hydrogen form. This treatment was designed to remove 
amino acids, peptides, and hexosamines. The eluate from the column 
was evaporated to dryness, the residue was dissolved in 0.5 ml. of water, 


1 We are indebted to Dr. Gitlin for this antiserum and for the sample of the acid 
glycoprotein which was used in the Oudin procedure. 

2 The protein preparation tested was the total trichloroacetic acid-soluble pro- 
tein and contained small amounts of proteins other than the acid glycoprotein. 
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and 0.01 ml. aliquots were used for paper chromatography and ionophore- 
sis. For paper chromatography, the phenol and s-collidine solvents of 
Partridge (7) were used. Along with the hydrolysate, authentic samples 
of glucose, mannose, and galactose, and the hydrolysate with each of these 
sugars added, were run on the same chromatogram. The sugar spots 
were located by use of an aniline hydrogen phthalate spray (8). Glucose 
was absent from the hydrolysate, but two carbohydrates were present 
which were indistinguishable from mannose and galactose with these sol- 


(OPTICAL DENSITY AT 280 mp) 


RELATIVE AMOUNT OF PRECIPITATE 
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GLYCOPROTEIN CONCENTRATION —- MG PER ML 


Fic. 1. Precipitin test with rabbit antiserum against the a; acid glycoprotein of 
normal human plasma. O, curve obtained with the a: acid glycoprotein; X, curve 
obtained with the trichloroacetic acid-soluble protein from nephrotic urine. At 
higher protein concentrations, impurities in the acid glycoprotein preparation cause 
precipitation. The dash line, presumed contribution of the impurities at low pro- 
tein concentration; the dash and dot line, acid glycoprotein curve corrected for the 
contribution of the impurities. For the significance of the ordinates, see the text. 
The acid glycoprotein curve was obtained by Dr. David Gitlin (unpublished work). 


vent systems. When the hydrolysate was examined by ionophoresis in 
borate buffer at pH 8.6 (9), two spots which had migrated to positions 
occupied by mannose and galactose were again found. 

Hydrolysates of the protein preparation also contained a hexosamine, 
which was identified as glucosamine and not as galactosamine by its chro- 
matographic behavior on a column of Dowex 50 under conditions which 
have been shown to separate the two amino sugars (10). 

Werner and Odin (11) have shown that the carbohydrates of the acid 
glycoprotein of plasma are galactose, mannose, and glucosamine. 

Preparation of Acid Glycoprotein from Urine—The procedure developed 
by Schmid for the isolation of pure a acid glycoprotein from human 
plasma (3) was applied, with very minor modifications, to a sample of urine 


as 

mf 

m, 

a- 

st 

on 

lin 

ns 

05 

ti 0.10 

1e- 

008 

54 \ 
006+ 

he 0.04 H ‘ 

n i 

000 : 

d 

n, 

st 

in 

| 

e 

n 

Uy 

re 

n 

ly 

d 


64 URINARY GLYCOPROTEIN 


from a patient with nephrotic syndrome. This procedure is an extension 
of Method 10 of Cohn et al. (12). From 4 liters of urine 850 mg. of mate- 
rial were isolated. This material appeared to be over 95 per cent pure by 
electrophoretic analysis and behaved in electrophoresis in a manner which 
would be expected of the acid glycoprotein of plasma (Table I). 


The ammonium sulfate fractionation procedure reported by Weimer, 
Mehl, and Winzler (2) for the isolation of a plasma mucoprotein, desig- 


TABLE I 
Analytical and Physical Data on Urinary Glycoprotein 


The analytical values are corrected for moisture content. Nitrogen was deter- 
mined by a micro-Kjeldahl method involving manometric determination of the am- 
monia formed (13). Hexose was determined by the procedure of Sgrensen and 
Haugaard (14) with an equimolar mixture of galactose and mannose as standard, 
Hexosamine was determined by the method of Elson and Morgan (15), as modified 
by Rimington (16). Electrophoretic measurements were made in a Tiselius ap- 
paratus constructed by Frank Pearson Associates by using the schlieren scanning 
method. Buffers of 0.1 ionic strength, sodium phosphate at pH 3.5, sodium acetate 
at pH 4.4, and sodium diethyl barbiturate at pH 8.5 were used. Electrophoresis 
was carried out at 1°. The mobilities were calculated from the descending bound- 
The mobility values attributed to other workers were estimated from pH- 


aries. 
mobility plots in the respective papers. 
Electrophoretic mobili ty, 
Lem. 
pH 8.5 | pH 4.4 | pH 3.5 
Trichloroacetic acid-soluble pro- 
Protein prepared by Method 10...| 10.7 | 15.2 | 10.5 | —5.3) —3.4) —1.1) 8.96 
11.0 | 14.8 1.3 | —5.7 
Values of Schmid (3)............. 10.7 | 17.2 5 | —5.3, —2.3) —1.1) 8.938 
Weimer ef al. (2)....... 10.1 | 16.4 9 | —6.5 —3.9 


nated MP-1, was also applied to a sample of urine from a patient with 
nephrosis. The yield from 1.5 liters of urine was 640 mg. of material, 
which was similar analytically and electrophoretically to the protein pre- 
pared by Method 10 of Cohn et al. and of Schmid (Table I), but which 
appeared to be slightly less pure. 

It has been shown that MP-1 of Weimer, Mehl, and Winzler is identical 
to the acid glycoprotein of Schmid (3). 


DISCUSSION 


The trichloroacetic acid-soluble protein from the urine of patients with 
nephrosis has properties which are very similar to those of the acid glyco- 
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protein of normal plasma. Two different methods for isolating this 
glycoprotein from plasma (2, 3) have, when applied to nephrotic urine, 
yielded material which has essentially the same content of hexose, hexos- 
amine, and nitrogen and the same electrophoretic mobility over a wide 
range of pH as the plasma glycoprotein. A striking similarity exists 
between the nature of the precipitin response obtained with the total tri- 
chloroacetic acid-soluble protein of urine and that obtained with the acid 
glycoprotein of plasma, when tested with rabbit antiserum. Unfortu- 
nately there was insufficient antiserum to test either of the more highly 
purified preparations of the urinary protein, but there is no reason to be- 
lieve that the results would have been qualitatively different. All of these 
observations provide convincing evidence of the identity of the trichloro- 
acetic acid-soluble protein of pathological urine and the a acid glycopro- 
tein of plasma. 

The mucoprotein studied here is clearly not the mucoprotein which has 
been isolated from normal urine by Tamm and Horsfall (17) and shown by 
them to combine with certain viruses. The latter protein has a molecular 
weight of 7.0 X 10° (18), whereas the molecular weight of the acid glyco- 
protein is 44,100 (19). 

Although most of the studies reported here were made on urine from a 
single patient, no significant differences have been observed in preparations 
from any of the several patients studied. The urine of each patient con- 
tained protein which was soluble in 0.25 N trichloroacetic acid, although 
the amounts varied from patient to patient and from time to time in any 
one patient. Usually, between 2 and 10 per cent of the total urinary pro- 
tein has been found to be soluble in trichloroacetic acid, although, in one 
instance, when the total protein concentration was very low, about 50 
per cent was non-precipitable. It would appear that the acid glycoprotein 
is one of the plasma proteins most easily passed into the urine. Its rela- 
tively low molecular weight probably has some influence on this property. 

Beckman, Hiller, Shedlovsky, and Archibald (1) reported that the tri- 
chloroacetic acid-soluble protein fraction of urine forms a precipitate on 
heating in dilute acetic acid and on half saturation with ammonium sul- 
fate. The purified acid glycoprotein of plasma does not precipitate under 
these conditions (2, 3). However, traces of other urinary proteins remain 
in solution in 0.25 m trichloroacetic acid and can give these precipitation 
reactions. It was presumably such traces of other proteins in the tri- 
chloroacetic acid-soluble fraction of Beckman and coworkers that pre- 
cipitated with heat and acetic acid and half saturation with ammonium 
sulfate. 


It is a pleasure to express my gratitude to Dr. Donald D. Van Slyke for 
his continued interest and to Dr. Leslie F. Nims and Dr. David Gitlin for 
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helpful discussions related to this problem. The capable assistance of 
Miss Florence L. Kee is also gratefully acknowledged. 


SUMMARY 


It has been shown that the principal trichloroacetic acid-soluble protein 
in the urine of children with nephrotic syndrome is indistinguishable from 
the a, acid glycoprotein of normal human plasma by electrophoresis, by 
analysis for hexose, hexosamine, and nitrogen, and by a specific precipitin 
test. 
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CATALYTIC CLEAVAGE OF THIOAMINO ACIDS* 
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In the course of an investigation of the cleavage of cystathionine and 
lanthionine by enzymes of mammalian tissue and of bacteria, it was found 
that these thioamino acids were cleaved at high rates at room temperature 
in the presence of pyridoxal or pyridoxal phosphate and appropriate che- 
lating agents and metal ions. 

Snell and coworkers (1-8) have reported a number of reactions of amino 
acids catalyzed by pyridoxal and metal ions at 100° and have proposed 
general mechanisms of action. In one report (9), a brief mention was given 
of the cleavage of cystathionine at 100° in sealed tubes; their system was 
found to be without activity at 37°, whereas the systems described below 
were less active at 100° than at 37°. 


Methods and Materials 


Methods—Homocysteine was determined by a modification of the method 
of Brand, Cahill, and Kassell (10). Cystathionine, in the presence of cu- 
pric ions, responded in the original method; the elimination of the zine and 
ammonium salts from the buffer and the addition of ethylenediaminetetra- 
acetic acid (KDTA) eliminated this interference. The buffer, as finally 
prepared, had the following composition: 178 gm. of sodium citrate dihy- 
drate, 110 gm. of sodium acetate trihydrate, 125 gm. of glycine, and 2 gm. 
of sodium EDTA in 1 liter of solution; the pH was corrected to pH 7.2. 
The procedure was as follows: samples up to 5 ml. (and sufficient water to 
bring the volume to 5 ml.) were added to 5 ml. of the buffer in colorimeter 
tubes. 0.5 ml. of sulfite reagent was added, the contents of the tubes were 
mixed, and 0.5 ml. of color reagent prepared according to Folin (11) was 
added. Color was permitted to develop for 10 minutes and was measured 
at 660 my. The buffer as described, but containing 0.0001 Mm cupric sulfate 
and without EDTA, was employed to determine cystathionine. In this 
system, homocysteine and cystathionine gave equal amounts of color on a 
molar basis. Thus, it was possible to determine homocysteine and cysta- 
thionine in mixtures. 


* These studies were supported by grants from the Nutrition Foundation, Inc., 
and from the National Institutes of Health, United States Public Health Service. 
A preliminary report has appeared (21). 
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The buffers employed in the determination were somewhat more alkaline 
than those employed by Brand e¢ al.; the reaction with cystathionine did 
not occur at pH values below 7 and the reaction with homocysteine was 
considerably reduced at pH values below 7. Lanthionine and methionine 
did not react in any of the systems. In most cases, the more specific 
method of Sullivan and Hess (12) was used for the determination of cys- 
teine, the product of cleavage of lanthionine. The reactions with pyri- 
doxal, metal ion, and chelate compound, as described below, could be 
carried out at temperatures up to 70° to give complete cleavage of lanthio- 
nine in a few minutes; these reactions may be applied to the determination 
of lanthionine. 

Materials—u-Cystathionine, L-allocystathionine, L-lanthionine, and meso- 
lanthionine were prepared in this laboratory by an adaptation of the meth- 
ods of Schéberl and Wagner (13) with separation of the diastereoisomers 
according to the directions of Armstrong (14) and by modifications of the 
procedure of du Vigneaud and Brown (15). Pyridoxal and pyridoxal 
phosphate were commercial products. 

General Procedure—Cystathionine and lanthionine were dissolved by the 
addition of the minimal amount of alkali and aliquots were added as de- 
scribed. Most of the studies not described in detail were with L-cysta- 
thionine as the substrate. Metal and pH buffers were prepared as 0.1 m 
solutions and, in all cases, sodium salts were used. No reagent was added 
to terminate the reaction, but in both types of analyses (Sullivan for cys- 
teine and the modified method for homocysteine) zero time values and 
controls were negligible. ‘There was no cleavage in the absence of pyridoxal 
and metal ion and, in the case of cystathionine, in the absence of chelating 


agent. 


EXPERIMENTAL 


In Tables I and II characteristic systems are described. It is apparent 
that metal ion and pyridoxal were essential for the cleavage of lanthionine 
(Table I). Products, other than cysteine, were identified as pyruvate and 
ammonia; alanine, serine, or glycine was not detected in the digests by 
paper chromatography and no hydrogen sulfide was formed. An activation 
by chelating agents is illustrated. In Table II, a similar system with cysta- 
thionine is illustrated; only cupric ions were found to be active and cupric 
ions were found to be effective only in the presence of chelating agents. 
Homocysteine, pyruvate, and ammonia were identified as the products of 
the cleavage. 

Inasmuch as all studies were time studies, it became apparent that the 
rate of reaction increased with time. Preincubation of chelating agent, 
metal ion, and pyridoxal was found to increase the initial velocity, and, 
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TaBLeE I 
Cleavage of Lanthionine 


69 


0.05 mM meso-lanthionine incubated with 1 X 10-4 m pyridoxal or pyridoxal phos- 
phate at 37° and at pH 8.5 to 9.0. Experiment I, 3 hours of incubation; Experi- 
ment II, | hour of incubation. Cysteine was determined by the method of Sul- 


livan and Hess. 


“ane Buffer, 0.05 Metal ion, 0.001 
I Tris* None 
Fett, 

Zntt 

Cott 

Al**++ 

Cutt 

Mn** 

Mg** 

Bes Pyridoxal and metal ion omit- 

ted 
II Zn 
Veronal 
Oxalate 
Citrate 
Pyrophosphate | 
Glycine 
EDTA 


Per cent cleavage 


Pyridoxal Pyridoxal 


phosphate 

0 0 
9 0 

68 22 
0 0 
4 0 

24 43 
7 0 
0 0 
0 0 

18 

39 

45 

37 

57 

45 

12 


* Tris(hydroxymethy!)aminomethane. 


II 
Cleavage of Cystathionine 


0.05 Mm L-cystathionine was incubated with 1 X 10°* m pyridoxal at 37° for 1 hour 
under the conditions indicated. There was no cleavage in the absence of pyridoxal 


or in Tris buffer with any metal ion. The pH was 8.5 to 9.0. 


Per cent cleavage 


Buffer, 0.06 m Metal ion, 0.001 mu 
Citrate Cu (no pyridoxal) 

' No metal ion or pyridoxal 

Cutt 

Zn** 

Fett, Fet*+ 

Cott 

Mn** 
Tris Cutt 
Pyrophosphate 
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thus, to reduce considerably the increase of velocity with time; 1 hour of 
preincubation at 37° produced maximal effects. The effect of possible 
products was tested; ammonia, pyruvate, alanine, and serine were found to 
inhibit the reaction, but glutathione (as a sulfhydryl compound) was found 
to activate the reaction. When preincubation was carried out with che- 
lating agent, metal ion and pyridoxal and glutathione were added after the 
substrate, a classical time-product curve was obtained (Fig. 1). 

As in the systems described above, a concentration of ions of 0.01 mM was 
found to be inhibitory and an increase of concentration of pyridoxal above 


15 
1O}- 
® Pyro- 
S € | 
& 
| 
| 
Tris 
| 
Q | 
Hours | 2 3 4 § -log K 
Fig. 1 Fig. 2 


Fig. 1. Time-product curve of the cleavage of cystathionine. 0.03 mM L-cystathio- 
nine was incubated with 1 X 10-4 mM pyridoxal and cupric ions in 0.05 m citrate, pH 8.1, 
following 1 hour of preincubation of citrate, pyridoxal, and cupric ions. 0.1 mg. of 
glutathione per ml. of digest was added after the cystathionine. 

Fig. 2. Effect of chelate compounds on activity. 0.01 mM L-cystathionine, 1 « 10™ 
M pyridoxal and cupric ions, 0.05 m buffers at pH 9.0, incubation at 37° for 60 minutes. 
Chelate stability constants (7) are plotted against initial velocity. 


0.010 mg. per ml. did not bring about an increase of the rate of activity; 
thus, in the subsequent studies, a concentration of metal ions and of pyri- 
doxal of 0.0001 mM was employed. Apparent greater unit activity was ob- 
tained with lower concentrations of each component of the system. An 
apparent “turnover” number of 10,000 or greater was obtained for the 
metal ion at a concentration of 10-°m. In0.1™M citrate buffer at pH 9 with 
a concentration of cupric ion of 10-6 mM, the apparent maximal initial velocity 
was found to be greater than 10-° meals per minute w hen the concentration 
of pyridoxal was 10-3 m 

Effect of Metal Conmnivation—% became obvious that the amount of 
metal ion added to the digest was of less importance in the determination 
of the rate of reaction than the selection of chelating agent. In Fig. 2, the 
apparent metal concentration (as stability constants (16) of the metal che- 
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lates) is plotted against activity in the cleavage of cystathionine. Maxi- 
mal activity was obtained in the presence of chelates of the cupric ion with 
stability constants of about 10-". Similar curves were obtained for lan- 
thionine; optimal activity was observed in the presence of chelating agents 
with stability constants near 10~* for the zinc ion. 

Effect of pH—A pH-activity curve for the cleavage of L-lanthionine is 
illustrated in Fig. 3. The effects were similar to those obtained with many 
enzymes but, most probably, were merely a reflection of the control of 
concentration of metal ions by pH and would vary with chelating agent, 
substrate, and metal ion. Under the conditions of the experiment, the 
optimal pH for the cleavage of L-lanthionine appeared to be near 9.5. The 


PRODUCT PER LITER 


pH 6 7 8 9 


Fig. 3. Effect of pH. 0.01 m L-lanthionine, 1 X 10-4 m pyridoxal and zinc ions, 
0.05 m buffers at the pH indicated. Incubation at 37° for 90 minutes. 


somewhat lower activities with glycine appear to be due to a competition 
of glycine for the pyridoxal (5). 

Optical Specificity—It was observed that, under certain conditions, meso- 
lanthionine was cleaved at a greater rate than L-lanthionine. Since t-lan- 
thionine would yield only L-cysteine, the cleavage product, cysteine, from 
a relatively large digest of meso-lanthionine was isolated as cystine. 200 
mg. of meso-lanthionine were incubated in 50 ml. of 0.03 m sodium oxalate 
at pH 8.0 with 1 XK 10°‘ Mm zine acetate and pyridoxal hydrochloride. 
Analyses of aliquots indicated complete cleavage after 5 hours of incuba- 
tion. Calcium chloride in solution was added until no further precipitate 
was formed and the precipitate was removed by centrifugation. The su- 
pernatant solution was concentrated in vacuo to about 20 ml., a drop of 10 
per cent ferric chloride was added, and the solution was aerated until the 
nitroprusside test for cysteine was negative. The pH was adjusted to ap- 
proximately 4.5 by the addition of acetic acid. The solution was placed in 
a refrigerator and, after several days, the material that had crystallized was 
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collected by centrifugation. The material was dissolved in dilute hydro- 
chloric acid and ammonium hydroxide was added to bring the pH to about 
6. Approximately 60 mg. of recrystallized cystine were recovered. The 
material, when dried, gave the same amount of color in the method of Sul- 
livan and Hess as an authentic sample of cystine; the crystalline form was 
characteristic. A sample was found to have a specific rotation of +205° 
for a 1 per cent solution of 1 N HCl. Thus, the cystine produced was pre- 
dominantly of the p form. 

The difference of rate in the cleavage of L- and meso-lanthionine was 
accentuated as the optimal concentration of free zinc ion was approached. 
With oxalate as the metal buffer, meso-lanthionine was cleaved at 1} 
times the rate for t-lanthionine, but, in pyrophosphate, the rate was 3 


IIT 
Stability of Complex 
0.05 m L-cystathionine was incubated with 1 X 10-4 m pyridoxal and cupric ions in 
0.03 m oxalate, pH 9, for 60 minutes. 1 mg. of ovalbumin per ml. of digest was added 
as indicated. Control cleavage was about 60 per cent. 


Treatment before incubation Additions Per cent control 
Unheated None 100 
Heated 10 min. at 100° ot 24 

0.001 mM cystathionine 74 
Unheated Ovalbumin 105 
Heated 10 min. at 100° “ 8 


times greater. Without a chelate agent, the rates of cleavage were low 
and approximately identical. 

Stability of Catalytic Complex—The activity of the simple chelate system 
was diminished by heating at 100° (Table III). The addition of a small 
amount of “substrate,” L-cystathionine, was found to “protect” the cat- 
alytic system from much of the effects of heat. As might be expected, the 
coagulation of protein added to the system resulted in inactivation of the 
system. In the course of the study of the effects of protein on the stability 
of the complex, it was found that various proteins could substitute for che- 
lating agents in the cleavage of cystathionine (the system with no cleavage 
in the absence of a chelating agent). These results are summarized in 
Table IV. It is apparent that unrelated proteins were appropriate che- 
lating agents and that relatively high initial velocities were obtained with 
these crystalline proteins. Crystalline zinc insulin was found to be an 
effective catalyst for the cleavage of lanthionine in the absence of added 
zine ions. The rate of reaction was low and was increased markedly by 
the addition of zinc ions. Not all proteins were effective; crystalline ov- 
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albumin and lysozyme were found to have little or no activity. Chymo- 
trypsin and insulin were effective, but treatment with heat was found to 
destroy or greatly reduce their activity. Trypsin, and to a lesser extent 


TABLE IV 
Proteins As Chelating Agents 
0.05 m L-cystathionine was incubated at pH 8.1 in 0.05 m Tris buffer with 1 X 10~4 
u pyridoxal and cupric ions and 1 X 10-5 protein. The initial velocity was deter- 
mined at 30 minutes and the apparent equilibrium of cleavage at 10 hours. 


Protein Initial r cent of — 
100 100 
100 76 
2 
IO 
& 
& 
& 
50 100 150 200 250 300 
mM Substrate per liter Minutes 


Fia. 4 Fia. 5 


Fic. 4. Effect of substrate concentration. .-Cystathionine at the indicated con- 
centrations incubated with 1 XK 10-4 m pyridoxal and cupric ions in 0.05 m oxalate, 
pH 8.0, at.37° and for 60 minutes. 

Fic. 5. Change of velocity with time. 0.03 m L-cystathionine incubated in 0.05 m 
citrate, pH 8.1, with 1 * 10~4 m pyridoxal and cupric ions at 37°. 


insulin and chymotrypsin, behaved in a curious manner in that the initial 
velocity of the catalysis was comparable to that of the simple chelates, but, 
as the reaction proceeded, the velocity decreased sharply with only a par- 
tial cleavage of the substrate. Metzler and Snell (3) have reported that 
the deamination of cysteine in the presence of pyridoxal and aluminum ions 
at 100° in sealed tubes does not proceed to completion. The formation of 
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a thiazolidine compound between pyridoxal and cysteine was indicated 
under these conditions. The formation of such compounds does not appear 
to be pertinent to our results, since the addition of pyridoxal to the systems 
with protein as the chelating agent after the reaction has apparently ceased 
does not bring about further cleavage. 

Kinetics of Catalysis—In Fig. 4, studies of the effects of concentration of 
cystathionine are illustrated. A maximal velocity was achieved and, at 
different concentrations of cystathionine, first or zero order kinetics were 
observed. <A characteristic ‘die away” curve was obtained in studies with 
excess cystathionine (Fig. 5). The effects of inhibitors of various types 
were studied; cobaltous ion was found to act as a non-competitive inhibitor 
for all systems; the addition of 1 X 10-4 m cobaltous chloride inhibited by 
60 per cent the cleavage of lanthionine in pyrophosphate buffer with zine 
as the metal ion. Presumably, the cobaltous ion was oxidized to cobaltie 
ion and the cobaltic complex was formed. Cobaltic ions are known to 
form extremely stable complexes. As was mentioned earlier, certain amino 
acids inhibited the reaction; as would be expected, inhibition by serine and 
methionine appears to be competitive in nature. Further extensive studies 
of inhibition of the catalysis by various amino acids and their optical iso- 
mers will be detailed in the future. 


DISCUSSION 


It has been observed that a simple metal chelate system duplicates many 
of the properties of catalytic proteins. Nevertheless, the réle of proteins 
in biological catalysis need not be deemphasized, for it is obvious that even 
unrelated proteins may operate in chelate-metal systems. 

It is possible that, since L- and meso-lanthionine are diastereoisomers, 
the apparent optical specificity may be due to different energy relation- 
ships. The concept of a three point attachment could be invoked, however, 
to explain the optical specificity of the simple chelate system. The gen- 
eral concepts as formulated by Metzler, Ikawa, and Snell (9) for the action 
of metal-pyridoxal systems could be modified to include a second carboxyl 
grouping or the sulfur atom of the thioamino acids as a third possible point 
of attachment of the amino acid to the complex of metal, pyridoxal, and 
chelating agent. Since copper and zine ions are good coordinators with 
sulfur, one would suspect that the sulfur atom is concerned in the formation 
of the chelate complex. Aluminum is a good coordinator with oxygen 
but a poor one with sulfur; thus, if coordination with the sulfur atom is 
important in the catalysis, one should not expect aluminum ions to be effec- 
tive. However, the concept of a three point attachment does not appear 
to add anything that has not been recognized for some time in studies of 
the optical specificity of the formation of metal coordination complexes (17). 
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Since homocysteine was the product in the cleavage of cystathionine by 
the chelate system, the cleavage was analogous to that of bacterial systems 
(18). Many simple chelate metal systems have been tested for a possible 
formation of cysteine from L-cystathionine (mammalian cleavage), but no 
such system has been found. There is no evidence to date that metal ions 
are concerned with the cleavage of L-cystathionine by mammalian tissue. 
The activity of the mammalian enzyme was not reduced by the addition of 
citrate, pyrophosphate, or EDTA. The addition of cupric ions increased 
the rate of cleavage, but the increase was reflected in the production of 
homocysteine (rather than cysteine). The addition of EDTA inhibited 
the formation of homocysteine under such conditions. When t-allocysta- 
thionine was used as the substrate, the enzymatic cleavage and the simple 
chelate cleavage were in the same direction (production of D-homocysteine) 
and one might be tempted to conclude that a metal ion was involved. 

We would have preferred to interpret the effects of the buffering of metal 
ions as a reflection of the formation of the proper specific chelate complex, 
but the similar effects of compounds of greatly different composition were 
not compatible with this concept. The results as presented in Fig. 2 may 
be interpreted as an indication that there is an optimal concentration of 
free metal ion for the reaction and that the activation by chelate com- 
pounds is due to the buffering of the metal ion to provide this optimal con- 
centration. Thus, the same justification is thought to exist for a represen- 
tation of the dependence of activity on the concentration of free metal ion 
(Fig. 2) as for a representation of the dependence of an activity upon the 
concentration of hydrogen ion. Satisfactory explanation of the catalytic 
activity and of the effects of chelating agents requires the postulation of 
several steps in the catalysis; these steps might be as follows: first, the thio- 
amino acid combined with the chelate complex, second, the metal ion was 
discharged with a product, and third, the metal ion was regained by the 
chelate complex. As a first approximation one might assume that the 
more effective chelate compounds would be those with an affinity for the 
metal ion near that of the affinity of the product for the metal ion. Such 
an explanation is in agreement with the finding that metal ions thought to 
be components of enzymes exchange with added metal ions in the course 
of catalytic activity (19). The catalytic effects of unrelated proteins and, 
especially, the failure of many proteins to catalyze the reaction to equilib- 
rium could be explained by such an interpretation. A similar situation 
would appear to be of some importance in the metal ion catalysis of the 
hydrolysis of dipeptides, for in most, if not all, cases the products are found 
to have a greater affinity for the metal ion than the substrate. 

Our studies may be considered as related to those of Eichhorn and Bailar 
(20) in which it was demonstrated that the Schiff base of 2-thiophenalde- 
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hyde and ethylenediamine was hydrolyzed rapidly at room temperature in 
the presence of cupric ion. The chelate of cupric ion and ethylenediamine 
was a product of the reaction. 

Metzler et al. (9) have reported the cleavage of cystathionine at 100° in 
sealed tubes in the presence of pyridoxal and aluminum ions. The data 
given by these workers were not sufficient to permit any comparison of re- 
sults, but, in the systems we have investigated, aluminum ions were with- 
out effect in the presence or absence of chelating agents at 37°. The failure 
of the aluminum ion to catalyze the reaction at 37° may be due, as was dis- 
cussed above, to the fact that aluminum ion is a poor coordinator with 
sulfur atoms. In another report (3), Metzler and Snell have described the 
production of hydrogen sulfide from cysteine in a similar system in sealed 
tubes at 100°. However, hydrogen sulfide was not a product of the action 
of our systems on lanthionine even though cysteine was formed. 


The authors wish to express their appreciation of the helpful criticisms 
of Dr. John C. Bailar, Jr., and Dr. Melvin Calvin in the preparation of 
this manuscript. 


SUMMARY 


It has been observed that L-lanthionine and L-cystathionine were cleaved 
at high rates at room temperature in the presence of appropriate chelating 
agents and traces of metal ions and pyridoxal or pyridoxal phosphate. 
The metal ion and the optimal concentration of free metal ion were char- 
acteristic for each substrate. The chelate complexes were found to be 
labile to heat, to conform to the classical kinetic analysis of enzymes, to 
have a high “turnover” rate, and to exhibit structural and optical speci- 
ficity. Certain proteins were found to substitute for simple chelate com- 
pounds; chymotrypsin and insulin were found to catalyze the cleavage of 
cystathionine in the presence of cupric ions and pyridoxal or pyridoxal 
phosphate. 
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SYNTHESIS OF 
GLUCOSAMINE BY INTACT CELLS OF LACTOBACILLUS 
BIFIDUS VAR. PENNSYLVANICUS* 


By FRIEDRICH ZILLIKEN, PHYLLIS N. SMITH, CATHARINE 
S. ROSE, anv PAUL GYORGY 


(From the Departments of Biochemistry and Pediatrics, School of Medicine, 
University of Pennsylvania, Philadelphia, Pennsylvania) 


(Received for publication, March 24, 1955) 


Recently we have described the enzymatic synthesis of two isomeric 
8-p-galactosides of N-acetyl-p-glucosamine from lactose and N-acetyl-p- 
glucosamine by means of a crude enzyme from Lactobacillus bifidus var. 
pennsylvanicus (1). One of the crystallized disaccharides (D;;) markedly 
stimulated growth of this microorganism, whereas the other (D;) was 
nearly inactive. We have established the structure of Dy, as 4-O-8-p- 
galactopyranosyl-N-acetyl-p-glucosamine (2). D,; represents the 6-O-8- 
p isomer. When the synthesis was performed with the crude enzyme, 
the ratio D,: D,; was estimated as approximately 1:1. The yield of micro- 
biologically active D,; was less than 0.5 per cent of the theoretical. Opti- 
mal conditions for the formation of D,; included 5 hours of incubation at 
37° in a phosphate buffer of pH 5.4. When incubation was extended be- 
yond 5 hours, D;,; began to disappear from the system. 

It seemed desirable to find conditions for a more selective synthesis of 
the microbiologically active disaccharide. A remarkable increase in yield, 
a nearly selective synthesis, and an accumulation of D,, were achieved 
when the synthesis was performed with intact cells of L. bifidus var. pennsyl- 
vantcus. 


EXPERIMENTAL 


Preparation of Cells—L. bifidus var. pennsylvanicus was grown as pre- 
viously described (3). Cells from 40 hour cultures were collected by cen- 
trifugation and were washed twice with 0.85 per cent saline and once with 
mM/15 phosphate buffer of pH 5.4. 

Conditions for Synthesis—The amounts of lactose and N-acetyl-p-gluco- 
samine, as well as the pH determined * ; optimal for our previous work with 
the crude enzyme from L. bifidus var. pennsylvanicus, were adopted for this 
synthesis with intact cells. : 


* Supported by a grant from the Wyeth Laboratories, Division of the American 
Home Products Corporation. 
1 Unpublished data. 
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Cells prepared as described above were suspended in M/15 phosphate 
buffer, so that 3 ml. of the cell suspension represented cells from 100 ml. 
of the culture. 3 ml. aliquots of this cell suspension were added to 10 ml. 
portions of M/15 phosphate buffer containing 382 mg. of N-acetyl-p-gluco- 
samine and 625 mg. of lactose (monohydrate). These cell-substrate sus- 
pensions were incubated at 37° in cotton-plugged 50 ml. Erlenmeyer flasks 
under anaerobic and aerobic conditions. Anaerobic incubation was ac- 
complished in Brewer type jars which were first evacuated and then thrice 
filled with Ne and evacuated before atmospheric pressure was finally re- 
stored by the addition of 10 per cent CO, and 90 per cent Ne. For aerobic 
incubation, the fiasks were allowed to stand in the atmosphere without 
agitation. 

Samples were taken at intervals from 0 to 48 hours of incubation. Each 
sample was heated for 10 minutes in a boiling water bath, cooled, and cen- 
trifuged. The supernatant fluid was analyzed for reducing sugars and for 
N-acetylamino sugars by paper chromatographic methods, as described 
previously (1). 

The greatest yield of D,,; was obtained under anaerobic conditions, while 
D, was formed in trace amount barely detectable by the methods employed. 
Under aerobic conditions, the yield of D,, was less than that obtained 
anaerobically, and D, appeared in larger amount but still in very small 
yield when compared to the amount of D,,; formed. The conversion of 
lactose into glucose and galactose was much more pronounced under aerobic 
conditions. 

Assay with L. bifidus var. pennsylvanicus (3) confirmed the chromato- 
graphic analysis for the microbiologically active D,,;. Formation of this 
active disaccharide is indicated by the increase in growth-promoting ac- 
tivity for the lactobacillus as expressed in growth units per ml. of the super- 
natant fluid assayed. The initial activity was 6 units per ml. and is attrib- 
uted to the N-acetyl-p-glucosamine present. Within 24 hours of anaerobic 
incubation, the activity increased to 30 units per ml. and remained at this 
value throughout 48 hours of incubation. Under aerobic conditions the 
activity was only 20 units per ml. in 24 hours and 16 units per ml. after 
48 hours of continuous incubation. 

These data indicate anaerobic conditions as optimal for the synthesis of 
microbiologically active D,,; by intact cells of L. bifidus var. pennsylvanicus. 
The same amount of growth-promoting activity was produced by 30 per 
cent of the cell concentration described above, and synthesis occurred even 
with | per cent of the cell concentration originally used. 

Isolation of 4-O-8-v-Galactopyranosyl-N -acetyl-p-glucosamine—L. bifidus 
var. pennsylvanicus cells obtained from 8 liters of medium and prepared as 
described above were incubated for 24 hours with 16.5 gm. of lactose (mono- 
hydrate) and 10.1 gm. of N-acetyl-p-glucosamine in 345 ml. of m/15 phos- 
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phate buffer at pH 5.4. The digest was heated for 1 hour in an oven at 
100° and centrifuged. The supernatant solution was concentrated in vacuo 
to about 50 ml. of volume. The concentrate was adsorbed on a column 
composed of 320 gm. of Norit A (Pfanstiehl Chemical Company) and 160 
gm. of Celite No. 535 (Johns-Manville). The column was eluted with 
water and aqueous ethanol, as described previously (1). The 7.5 per cent 
ethanolic eluates were evaporated to dryness in vacuo. The amorphous 
residue was dried over PO; in a desiccator and then dissolved in 80 ml. of 
hot dry methanol. The hot methanolic solution was filtered and kept at 
room temperature. Crystallization of nearly square platelets started im- 
mediately and was completed after a few hours standing at +5°. After 
recrystallization from a minimal volume of dry methanol, 1.02 gm. of di- 
saccharide, or a 5.4 per cent yield, were obtained with a melting point of 
172° (Berl; uncorrected) and a specific rotation of [a] +27.8° (H.O; 
c = I, equilibrium rotation reached after 180 minutes); extrapolated to 
zero time [a]? +51.2°. The disaccharide crystallizes with 1 mole of 
methanol and analyzes for 


CuH2sOuN + CH,OH. Calculated. C 43.37, H 7.03, N 3.37, OCH; 7.46 
(415.4) Found. “43.25, 6.88, “3.30, “ 7.62 


No depression was found in a mixed melting point of the disaccharide with 
pure 4-O-8-p-galactopyranosyl-N-acetyl-p-glucosamine obtained from hog 
stomach mucin (2, 4). The physical constants determined as well as the 
microbiological activity were identical for both compounds. 


DISCUSSION 


The 4-O0-8-p-galactopyranosyl-N-acetyl-p-glucosamine is only one of 
three crystalline isomeric 8-galactosides of N-acetyl-p-glucosamine synthe- 
sized in our laboratories from lactose and N-acetyl-p-glucosamine by means 
of crude enzyme preparations with high lactase activity. In addition to 
L. bifidus var. pennsylvanicus, yeast? and bull testes? have been used as 
sources of crude lactase. It was surprising to find in the extracts of bull 
testes a highly active 8-galactosidase in addition to hyaluronidase. In 
preparations oi approximately identical lactase activity, the crude enzyme 
from yeast produced chiefly 6-O-3-p-galactopyranosyl-N-acetyl-p-gluco- 
samine,' while the exiract from bull testes led to 3-O-8-p-galactopyranosyl- 
N-acetyl-p-glucosamine traces of the 4-O-8-p-galactoside.! With 
intact cells of L. bifidus var. pesi:sulvanicus, the 4-O-8-p-galactoside was 
formed almost exclusively. In experiments csrried out previously, utilizing 
a cell-free extract of L. bifidus var. pennsy!vanicus, the 4-O-8-p-galactoside 
and the 6-O-8-p isomer were formed in approximately equal amount, and 


* Rohm and Haas. 
* Crude hyaluronidase preparations, Wyeth Laboratories. 
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these galaciusides accumulated in the digest only for a few hours and then 
gradually disappeared. In contrast, with the intact cells the formation of 
the 4-O-6-p-galactoside was continuous through 24 hours and there was no 
evidence of loss throughout 48 hours of incubation. Of these three 8-p- 
galactosides of N-acetyl-p-glucosamine, only the 4-O0-8-p isomer exhibited 
high growth-promoting activity for L. bifidus var. pennsylvanicus. 

The hydrolysis of lactose by means of various lactase preparations has 
been studied intensively by Wallenfels during the past few years (5). He 
has shown that the emergence of glucose and galactose as enzymatic break- 
down products of lactose is accompanied by the synthesis of new oligosac- 
charides such as lactobiose, galactobiose, and lactotriose. These were 
formed through the transfer of galactose to lactose or to its split-products 
and were, in general, related to the over-all 8-galactosidase effect residing 
ia the enzyme preparations. Inasmuch as Wallenfels was unable, by frac- 
tionation of the crude lactase preparations, to separate hydrolytic and 
synthesizing enzymes, he questioned the existence of a specific 8-trans- 
galactosidase. 

In our own studies crude lactase preparations from different sources have 
shown remarkable and reproducible differences in their ability to transfer 
the galactose moiety of lactose to N-acetyl-p-glucosamine. This fact, with 
the further observation that these preparations favor the synthesis of differ- 
ent isomers of 6-p-galactopyranosyl-N -acet yl-p-glucosamine, suggests the 
presence of specific 8-transgalactosidases. A definite answer to this ques- 
tion may be obtained only with highly purified enzymes. 


SUMMARY 


A nearly selective synthesis of microbiologically active 4-O-8-p-galacto- 
pyranosyl-N-acetyl-p-glucosamine (D,,;) has been achieved by incubation 
of intact cells of Lactobacillus bifidus var. pennsylvanicus with lactose and 
N-acetyl-p-glucosamine. The disaccharide has been isolated in crystalline 
form in a yield 5.4 per cent of the theoretical. In contrast to results ob- 
tained with a crude enzyme preparation from the same organism, only 
negligible amounts of the isomeric 6-O-8-p-galactoside were formed, and 
there was no loss of active disaccharide on prolonged incubation. 
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THE METABOLISM OF THE ORGANIC ACIDS OF 
TOBACCO LEAVES 


IX. EFFECT OF CULTURE OF EXCISED LEAVES IN SOLUTIONS 
OF OXALATE AND SUCCINATE IN THE PRESENCE OF 
CYANIDE 


By HUBERT BRADFORD VICKERY 


(From the Biochemical Laboratory of The Connecticut Agricultural Experiment 
Station, New Haven, Connecticut) 


(Reeeived for publication, March 30, 1955) 


Salts of organic acids are readily taken up by tobacco leaves from solu- 
tions of suitable concentration and pH. The experimental introduction 
of acids into the leaves by this technique is usually carried out in darkness 
in order to avoid the complications that arise from photosynthesis, and 
the effects of certain acids upon the general course of the organic acid me- 
tabolism have been discussed in previous papers of this series. It has in- 
variably been observed that the respiration, as measured by the loss of 
organic solids from the system, is greatly increased over that noted when 
the leaves are cultured in water. 

Although the initial phase of the uptake of solute is probably nothing 
more than the passive flow of solution into the cut ends of the vascular 
system in response to the transpiration of water from the leaf surface, 
sooner or later solute comes in contact with the walls of actively metab- 
olizing cells. At this point some sequence of chemical events must occur 
whereby the solute penetrates into the cells against a concentration gradi- 
ent. These events represent an active accumulation process which must 
be supported by the expenditure of respiratory energy in order to occur 
at all. 

The suggestion was made in an earlier paper (1) that this process has 
analogies with the so called ‘‘anion respiration’ of Landegardh (2).' Ac- 
cording to his views, the uptake of anions, in particular by young roots or 
sections of fleshy root or tuber tissue, involves interaction with a cyto- 
chrome-cytochrome oxidase system presumably present in the cytoplasm. 
The evidence for this mechanism is that both the uptake of salt and the 
respiration (7.¢c., the oxygen uptake) are inhibited by cyanide and by carbon 
monoxide, the effect in the latter case being reversed in light (5, 6). 

The literature concerning the effect of inhibitors on the respiration of 
leaf tissue is in some respects contradictory. As early as 1936, Kempner 

'ixeellent reviews of Lundegiirdh’s hypothesis have been given by Robertson 
(3) and by Burstrém (4). 
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(7) demonstrated manometrically that the respiration of young whole to. 
bacco leaves is reversibly inhibited by carbon monoxide and that the inhi- 
bition is relieved in light. More recently, Webster (8) has detected cyto- 
chrome oxidase in particles sedimented by high speed centrifugation from 
preparations obtained from many species of leaves including tobacco, and 
this last observation has been confirmed by McClendon (9). James and 
Hora (10) have detected a cyanide-sensitive respiration in barley leaves, 
and Bouner and Wildman (11) have made a similar observation with spin- 
ach leaves. However, in no case is the entire respiration suppressed by 
cyanide or by carbon monoxide. On the other hand, Allen and Goddard 
(12) have recorded a slight stimulation of the oxygen uptake of wheat 
leaves by cyanide, and Marsh and Goddard (13) also note ‘‘occasional” 
stimulations with carrot leaves, although definite inhibition was found with 
young leaves. Furthermore, cyanide-resistant mechanisms of respira- 
tion are well known in many plant tissues (e.g. pea leaves (14) and arum 
spadix (15)) and are often interpreted to indicate the presence of a respira- 
tory system catalyzed by a flavoprotein. 

Nevertheless, the presence of a cytochrome oxidase system in tobacco 
leaves appears to be established and it accordingly seemed desirable to exam- 
ine the effect of cyanide upon the uptake of organic acid from culture 
solutions by these leaves as well as the effect upon the greatly stimulated 
respiratory loss of organic solids from the system. Ovxalic acid and suc- 
ciniec acid were chosen for the test, the former because it is not signifi- 
cantly metabolized when supplied in culture solution, although normally 
present in substantial amounts, the latter because it is almost completely 
converted into other substances and is normally present only in traces (16, 
17). 

The outcome has been that the uptake of oxalic acid was at most only 
slightly diminished in the presence of cyanide while that of succinic acid 
was slightly increased. The total respiration, as measured by the loss of 
organic solids from the system, was apparently somewhat stimulated by 
cyanide, but there was no effect attributable to this inhibitor upon the me- 
tabolism of malic and citric acids. It seems most unlikely that, under the 
conditions of the experiment, sufficient cyanide penetrated to the centers 
of cytochrome oxidase activity to affect them to any notable extent and, 
accordingly, the results have no bearing upon the detection of a mecha- 
nism of anion uptake of the kind postulated by Lundegiirdh. Neverthe- 
less, the data have thrown some light upon the general problem and are 
accordingly presented herewith. 


EXPERIMENTAL 


The ten samples of twenty leaves each were collected by the statistical 
method (18) from twenty plants of Nicotiana tabacum, var. Connecticut 
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shade-grown, at 8.13 a.m., 49 days after the seedlings had been set out in 
the greenhouse in the spring of 1952. The coefficient of variation of the 
fresh weight was 1.8 per cent and that of the total nitrogen was 1.1 per cent. 
The experimental technique and the preparation of the samples for analy- 
sis have been described in earlier papers. The analytical methods used 
have been given in detail in recent bulletins (19, 20) from this Station. 

A control sample was at once dried for analysis and another was cul- 
tured in water for 48 hours in the dark. Of the remaining samples, four 
were cultured in darkness for 48 hours in 0.2 mM potassium oxalate at pH 
6.0 and four for the same period in 0.2 mM potassium succinate also at pH 
6.0. Immediately before placing the bases of the leaves in the culture so- 
lutions, three of these in each lot were made, respectively, 0.0001, 0.001, 
and 0.01 m in cyanide by the addition of the requisite amount of 0.1 or 
1.0 m potassium cyanide solution. The solution of potassium oxalate 
which was made 0.01 m in cyanide was thereby brought to pH 9.0, but 
the pH of the other solutions was not significantly altered. 

The leaves cultured in water increased in fresh weight and were fully tur- 
gid and apparently unharmed. Those cultured in oxalate became flac- 
cid within 4 hours and in 48 hours had lost up to 50 per cent of their fresh 
weight; they were extremely thin and fragile and a few were somewhat 
mottled and notably paler in color. The leaves cultured in succinate 
changed little in fresh weight and appeared entirely healthy although a 
few were slightly mottled. 

The analytical results are assembled in Table I. The uptake of organic 
acid (Lines 7 and 8) was calculated from the increase in the alkalinity of 
the ash (Line 6) with use of the divisors 0.985 for oxalate and 0.86 for suc- 
cinate, these being the fractions of the respective acids neutralized at pH 
6.0. The uptake from the solution of oxalate at pH 9.0 was assumed to 
be equal to the increase in the alkalinity of the ash. There is a small error 
involved, since the concentration of potassium cyanide in this solution was 
5 per cent of that of the oxalate. An analogous error affects the figure for 
the uptake of succinic acid from the solution which was 0.01 m in cyanide. 

The data (Line 7) suggest that there was a small depression of the up- 
take of oxalic acid brought about by the presence of cyanide in the solu- 
tions at pH 6, and the uptake from the solution at pH 9 was definitely 
smaller than that from the control at pH 6. Whether this was due to the 
presence of cyanide or to the more alkaline pH of the solution is not ap- 
parent. On the other hand, the uptake of succinic acid seems to have been 
somewhat stimulated by cyanide and this shows up also in the data for 
succinic acid in Line 13. In neither case is there evidence of any striking 
influence of cyanide upon the uptake of the salts of the organic acids. 
Quite aside from this, however, is the observation that the uptake of oxa- 


} late was in all cases greater than that of succinate. In spite of the extreme 
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flaccidity of the leaves cultured in oxalate, the mechanisms whereby cul- 
ture solution continued to enter the vascular system and solute to accu- 
mulate in the cells obviously remained fully effective. 

Malic acid (Line 10) diminished a little more in the leaves cultured in 
oxalate than in the water control, but there was no obvious effect of the 
additional presence of cyanide. Furthermore, malic acid increased in the 
leaves cultured in succinate in a manner to be anticipated from previous 
experiments (17). There seems to have been some stimulation of this 
increase at the lowest concentration of cyanide, but this could equally well 
be attributed to the somewhat increased respiratory activity. 

Citric acid (Line 11) increased in the leaves cultured in oxalate in con- 
formity with the decrease in malic acid and there was no clear evidence of 
an effect of cyanide. However, the increase in the sample cultured at pH 
9 was definitely greater than that in the control at pH 6 in the absence of 
cyanide. This may well have been due to the more alkaline pH of the 
culture solution (21). There was no definite effect of cyanide upon the 
increase of citric acid in the leaves cultured in succinate. 

Oxalic acid (Line 12) accumulated in the leaves cultured in oxalate 
in an amount closely approximating that taken up, but did not change 
notably in the leaves cultured in succinate (Line 7). Succinic acid, how- 
ever, was extensively metabolized in these leaves, since only small amounts 
(Line 13) were found in excess of the trace recorded as 1 m.eq. present be- 
fore culture. Aside from a slightly increased accumulation of succinic 
acid, no evidence of an effect of cyanide is to be seen. 

The eluate from the Dowex 1 column now used for the determination 
of the organic acids (20) contains a number of minor acid components 
which travel faster than malic acid, and, in addition, one which travels 
slowly and accompanies citric acid. Citric acid is therefore determined 
by a chemical method in the pooled citric acid fractions, and the differ- 
ence between the value found and that estimated by titration is reported 
as Unknown Acid A in Line 14. This substance increased significantly in 
most of the samples cultured in oxalate and succinate, but, as is also true 
of the other minor components (Line 15), no definite effect of cyanide upon 
their metabolism was evident. 

The increased metabolic activity in leaves cultured in organic acid salts 
is obvious from the 3- to 4-fold increased loss of protein nitrogen (Line 16) 
as compared with the water control. However, starch was almost com- 
pletely metabolized in all samples (Line 17). 

Metabolism of Acquired Acid—Table II shows in Line 1 the differences 
between the calculated quantities of oxalic or succinic acid taken up by 
each sample and the quantities found by direct analysis. In Line 2, these 
differences are shown as percentages of the uptake in each case. When 


‘OIPBI , 
Ohh | | LLb | FOF FOOT SLOT | OT 
| | 9- 06% — — | ‘wb | 6 
99 62 6'8 O1 ‘pw ‘yeoy opsuts »SOn 8 
ech | | 29F | OFS 229 1¢9 929 ‘qu W ZO Jo | 2 
GL 6°8 ‘w6 ‘ssoy | 9 
LT LT LT Plow 
VSBVIIOUI SSI] plow OIUTIONG 
O11}10 
€8 8 cs | | 6°¢ jo % sv 
OST | OFT | 8ZI | 0'8 0°9I poe pasmboy | | 
09 Hd | o9 Hd | 9 Hd 06Hd | o9 Hd 09 Hd 
NOW | ‘NOW | ‘NOW | 09 Hd ‘NOW ‘NOW NOW 09 Hd 
| 1000 | KX 10000 K 100 1000 K 10000 ‘ON 
UMISSe}IOg 


"SOABO JO FYBIOM [VIYIUL JO OLY [ 04 OUT, 


fo aouasaig ur 
II 


H. B. VICKERY 89 


the sampling and analytical errors are taken into consideration, it is clear 
that oxalic acid introduced into the leaves was not significantly metab- 
olized under the conditions of these experiments; an earlier observation 
(16) is thus fully confirmed. Succinic acid, on the other hand, was exten- 
sively metabolized and, although the relative proportion which disap- 
peared was not notably influenced by the presence of cyanide, the amount 
which disappeared in the presence of cyanide was somewhat greater than 
in the control experiment. This is evidence of a slightly stimulated respira- 
tory process. 

The molar ratios of the loss of malic acid to the gain of citric acid in the 
waier control and in the four samples cultured in oxalate are shown in Line 
3. From the results of a recent study, these ratios would be expected to 
lie between 2 and 3 in an experiment carried out at pH 6 and to be close to 
2 at a more alkaline reaction (21). The data agree with this expectation 
and show that the presence neither of a greatly increased concentration of 
oxalic acid in the tissues nor of small amounts of cyanide affected this as- 
pect of the metabolism of malic acid. 

Line 4 shows analogous molar ratios for the samples cultured in succi- 
nate. These are calculated on the assumption that succinic acid supplied 
in culture solution is to a large extent converted into malic acid, and that 
much of the malic acid is in turn converted into citric acid by reactions in 
which 2 moles of malic acid are used to form 1 mole of citric acid. The 
numerator of the ratio is the difference between the molar quantity of suc- 
cinic acid that was metabolized and the increase in the malic acid observed; 
the denominator is the corresponding increase in citric acid likewise in 
moles. In all four instances, the ratio lies between 2 and 2.5 and thus con- 
forms with the expectation. 

If allowance is made in this last calculation for the relatively small 
amounts of succinic acid which may have been used up in respiration, the 
ratios in Line 5 are obtained. In calculating these, it is assumed that a 
quantity of succinic acid equal to the difference between the uptake (Table 
I, Line 7) and the increase in total organic acids (Table I, Line 9) is re- 
spired away. This quantity is therefore applied as a correction to the 
amount of succinic acid which was metabolized (Table II, Line 1) and the 
remainder thus represents the amount of succinic acid which was converted 
into another acid, presumably malic acid. The observed increase of malic 
acid (Table I, Line 10) is accordingly deducted and the quantity left, ex- 
pressed in millimoles, is divided by the corresponding observed increase 
in citric acid in the same units. The ratios obtained are remarkably con- 
stant and lend strong support to the hypothesis that close to 2 moles of 
succinic acid are used up in the formation of 1 mole of citric acid. 

Respiration Loss—The respiration loss (Table II, Line 6) is calculated 
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as the difference between the uptake of the organic acid (Table I, Line 8) 
and the change in the total organic solids of the leaves after correction for 
the calculated carbon dioxide content of the ash (Table I, Line 5), this car- 
bon dioxide being assumed to be derived from the combustion of the or. 
ganic acid salt supplied by the culture solution. The loss from the con- 
trol sample cultured in water was rather small, being only 2.6 gm. per kilo 
of initial fresh weight. Culture in oxalate at pH 6 increased the loss more 
than 3-fold and there is a suggestion that the loss was slightly greater in 
the samples which also received cyanide. Culture at pH 9 likewise in- 
creased the loss almost 3-fold. 

The respiratory loss from the leaves cultured in succinate was only about 
twice that from the water control but seems to have been slightly increased 
in the presence of cyanide. It is of interest that leaves collected from the 
same lot of plants on a different date and cultured for 48 hours in 0.2 M L- 
malate at pH 6 experienced a respiratory loss of 6.5 gm. per kilo, the loss 
from the water control being 2.4 gm. (21). 

Uptake of Solution and Transpiration Loss—The calculation of the vol- 
ume of 0.2 m solution taken up by the samples, shown in Table IT, Line 7, 
is made on the assumption that cations, anions, and water passed into the 
leaf cells in exactly the proportion in which they were supplied. The jus- 
tification for this is that the uptake of oxalic acid computed from the in- 
crease in the alkalinity of the ash, 7.e. the increase in potassium, is approxi- 
mately equal to the measured increase in oxalic acid content. Analogous 
calculations for the uptake of (+-)-tartrate (22), which is not metabolized 
by tobacco leaves, have led to the same conclusion. The data indicate 
that 1.8 times as much 0.2 m oxalate solution was taken up at pH 6 as suc- 
cinate solution. In the presence of cyanide, this relation dropped to about 
1.4. 

If the loss of fresh weight of the leaves (Line 9) is added to the uptake 
of solution, an estimate is furnished of the total weight of water transpired; 
this is shown in Line 10 and is expressed in terms of a single leaf in Line 11. 
The average weight of one leaf was 14.7 gm.; accordingly, the leaves cul- 
tured for 48 hours in oxalate transpired a weight of water somewhat in ex- 
cess of their own fresh weight and those cultured in succinate transpired 
somewhat less than one-half of their fresh weight. 


DISCUSSION 


Mechanism of Salt Accumulation—In order to furnish evidence of the 
participation of some definite enzyme system in a physiological function of 
a living tissue, the experiment in which a specific inhibitor is employed 
must be so designed as to insure that the inhibitor reaches the centers of 
enzyme action. The interaction of the inhibitor with an essential compo- 
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nent of the enzyme system must then be either irreversible or the concen- 
tration of the inhibitor must be maintained by continuous supply. The 
many successful experiments in which the participation of the cytochrome- 
cytochrome oxidase system in salt uptake or in respiration has been dem- 
onstrated have, as a rule, been carried out under conditions such that a 
relatively small volume of tissue, e.g. cells (23, 24), cell particles (8), slices 
of fleshy tuber (25), fleshy root tissue (6), or the roots of young plants (26, 
27), has been bathed in a relatively large volume of solution. It could be 
presumed in these instances that sufficient inhibitor could diffuse to the 
point at which the enzyme reaction occurred and interact effectively with 
the sensitive component. The physical situation is quite different when 
a culture solution containing little more than trace amounts of inhibitor 
is taken up through the cut ends of the vascular system of a leaf. Here, 
the total amount of solution made available for interaction with the com- 
ponents of the enzyme system within the cells is of the order of one-half of 
the fresh weight of the tissue. Under these circumstances, it may well be 
doubted that a sufficient amount of inhibitor would arrive at the site of 
the reaction to bring about any notable effect. 

Another aspect of the present experiments also requires consideration. 
None of the culture solutions except the one which contained 0.2 m oxa- 
late and 0.01 m cyanide, and which was initially at pH 9.0, contained cya- 
nide at the end of the 48 hour period. The reaction of this solution had 
dropped to pH 8.5. Thus, the supply of cyanide to all of the other samples 
was at best maintained for only a part of the experimental period. Al- 
though this may account to some extent for the failure of these samples 
to show any pronounced effect attributable to cyanide, the one sample 
cultured in oxalate at pH 9 with cyanide present throughout took up 81 
per cent as much oxalic acid as the control sample cultured in the absence 
of cyanide, and the loss of organic solids by respiration was 90 per cent of 
the control. Figures such as these do not suggest that there was any seri- 
ous interference on the part of cyanide with the mechanisms responsible 
for either the uptake of anions or the respiration. However, it still can- 
not be assumed that cyanide penetrated to the respiratory centers, for 
there are many components of leaf cells other than the iron atoms of cyto- 
chrome oxidase with which cyanide can interact. Accordingly, it may be 
concluded that the present experiments have thrown no light upon the 
question whether or not a mechanism of the Lundegiirdh type is concerned 
in the uptake of the anions of organic acids by tobacco leaves. 

Nevertheless, it is obvious that the uptake of organic acid ions was ac- 
companied by a pronounced increase in the total respiration. Disregard- 
ing the presence of cyanide, the leaves in the three experiments with oxa- 
late at pH 6 took up 260 m.eq. of acid as the mean of the three values. The 
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mean uptake of the four samples cultured in succinate was 172 m.eq. 
These quantities are in the ratio 1.5:1.0. It is of interest that the mean 
respiratory losses in the two instances were 8.8 and 6.2 gm. of organic sol- 
ids, numbers that are in the ratio 1.4:1.0. Thus respiratory loss was 
closely proportional to anion uptake, a conclusion that has been found to 
be true in other analogous cases. 

The demonstration of the precise nature of the enzyme systems respon- 
sible for the increased respiratory activity that is called forth when to- 
bacco leaves are placed in a situation in which, in order to acquire water, 
they must also take up relatively large amounts of organic acids is clearly 
not a simple matter. That tobacco leaves contain a cytochrome oxidase 
system seems established. The recent work of Zelitch (28) shows that 
they also contain a system which involves glyoxylic acid reductase’ which 
can, theoretically at least, be coupled with the reaction of glycolic acid oxi- 
dase, a flavoprotein which is also present in tobacco leaves (29, 30), to pro- 
vide an effective mechanism for terminal oxidation. Still other mech- 
anisms for terminal oxidation have been detected in various plant tissues, 
Which of these possible systems is the one directly concerned in the up- 
take of organic acids by mature leaves of this species remains for future 
demonstration. The present experiments suggest that the leaf culture 
technique is not a satisfactory method to provide this demonstration when 
a volatile inhibitor such as hydrogen cyanide is employed. 


Grateful acknowledgment is made to Marjorie D. Abrahams, Kather- 
ine A. Clark, and Laurence S. Nolan for technical assistance, to Dr. James 
K. Palmer and Dr. Israel Zelitch for helpful discussion, and to the Na- 
tional Science Foundation for a grant which supported a part of the ex- 
pense of this investigation. 


SUMMARY 


Leaves of tobacco (Nicotiana tabacum, var. Connecticut shade-grown) 
cultured in darkness in 0.2 m solutions of potassium oxalate or potassium 
succinate at pH 6 to which potassium cyanide had been added in low con- 
centration took up the organic acid anions as freely as leaves cultured in 
similar solutions which contained no cyanide. The respiratory loss, as 
measured by the disappearance of organic solids from the individual sys- 
tems, was apparently slightly stimulated in the presence of cyanide, and, 
in general, respiratory loss was proportional to anion uptake. The bearing 
of these results upon the detection of a mechanism of anion uptake, in 
which a cytochrome-cytochrome oxidase system is involved in the manner 
postulated by Lundegiirdh, is discussed and it is shown that for technical 
reasons no conclusion can be drawn. 
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The results of earlier culture experiments in which oxalate or succinate 


was furnished to tobacco leaves in culture solution are confirmed. 


Wwe 
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THE AMINO ACID REQUIREMENTS OF MAN 


XIV. THE SPARING EFFECT OF TYROSINE ON THE 
PHENYLALANINE REQUIREMENT * 


By WILLIAM C. ROSE ann ROBERT L. WIXOMT 
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It is generally recognized that tyrosine isa dispensable dietary component 
for many, and possibly all, mammals (1-4) including man (5). This is 
accounted for by the fact that it can be formed readily from phenylalanine 
(6,7). The reaction is an irreversible one, at least in the growing rat, as 
demonstrated by the inability of tyrosine to improve the quality of a ra- 
tion which is devoid of phenylalanine (8). 

In view of the above relationship, one would anticipate that the presence 
of tyrosine in the food would exert a sparing effect upon the phenylalanine 
requirement. Indeed, for the weanling rat this is well known, though the 
extent to which it occurs is still somewhat uncertain. Almost a decade ago, 
Rose and Womack (9) concluded that, in the absence of tyrosine, the min- 
imal dietary level of L- or pL-phenylalanine which is capable of inducing 
maximal gains is approximately 0.9 per cent, and that the inclusion of 0.8 
per cent of L-tyrosine reduces the phenylalanine requirement by approxi- 
mately half (10). Since then, the quality of our basal diet and the ade- 
quacy of our vitamin supplements have been greatly improved (cf. Bor- 
man et al. (11)); consequently, much more rapid growth is now obtained 
than was possible under the conditions formerly employed. Because of 
these facts, the earlier tests should be repeated under more ideal circum- 
stances. This we hope to do in the near future. 

The present investigation is concerned with the sparing effect of tyro- 
sine upon the phenylalanine requirement of human subjects, as measured 
by the maintenance of nitrogen equilibrium. In Paper IX (12) of this 
series, normal young men were shown to require 0.8 to 1.1 gm. of L-phen- 
ylalanine daily when tyrosine was excluded from the food. The experi- 
ments outlined below demonstrate that these values are markedly reduced 
when appropriate amounts of L-tyrosine are administered. Furthermore, 


* Aided by grants from the Nutrition Foundation, Inc., and the Graduate College 
Research Fund of the University of Illinois. 

t The experimental data in this paper are taken from a thesis submitted by Robert 
L. Wixom in partial fulfilment of the requirements for the degree of Doctor of Philos- 
ophy in Biochemistry in the Graduate College of the University of Illinois. Pres- 
ent address, School of Medicine, University of Arkansas, Little Rock, Arkansas. 
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it will be seen that in the human organism, as in the rat, tyrosine is inea- 
pable of replacing all of the phenylalanine of the ration. 


EXPERIMENTAL 


The procedure followed in the experiments was analogous to that used 
in determining the sparing action of cystine upon the methionine require- 
ment (13). With each subject, the minimal quantity of phenylalanine 
which was capable of maintaining a distinctly positive balance in the ab- 
sence of dietary tyrosine was first established. An appropriate daily dose 


TABLE I 
Composition and Daily Intakes of Amino Acid Mixture 


Mixture 256 


Component 
| As used N content 

em. | 
Lysine monohydrochloride.... 2.00 | 0.31 

52.46 9.70t 


* Racemic acids. 
+t Of the nitrogen contributed by this mixture, 0.46 gm. was derived from the p 
forms of valine, isoleucine, and threonine. 


of tyrosine was then administered, and the minimal phenylalanine re- 
quirement was again measured. As in all investigations of this series, the 
total nitrogen intake of each subject was maintained at a constant level 
by suitable adjustments in the glycine content of the ration. 

Two experiments were carried out. In view of the uniformity of the 
findings, additional tests were deemed unnecessary. The diets admin- 
istered to the young men were identical except for the quantities of sucrose 
and butter fat required to supply the desired caloric intakes. At the start, 
each ration contained amino acid Mixture 256 (Table 1), Wafers IV (the 
composition of which has been described in an earlier paper (14)), and the 
customary vitamin supplements (cf. Rose et al. (5, 13)). In addition, 
Subject H. E. 8. consumed 150.8 gm. of sucrose and 17.7 gm. of butter 
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fat daily. The corresponding quantities ingested by Subject R. L. S. were 
222.4 and 29.5 gm., respectively. Amino acid Mixture 256 furnished 9.70 
gm. of nitrogen, of which 0.46 gm. was derived from the p isomers of valine, 
isoleucine, and threonine. ‘The nitrogen intake from all sources was 10.08 
gm. per day, of which 0.38 gm. was of an unknown nature. The latter 
had its origin largely in the starch of the wafers and, in lesser amounts, in 


TABLE II 


Sparing Effect of Tyrosine on Phenylalanine Requirement of Man 


Period averages. 


Average 
> = Average 
= daily Diet notes* 

3 Ss| 2 2 v | balance 

| | = 

a | & 

Subject H. E. 8. 

days | kg. gm. gm. | gm. gm. 

6 \65.2) +0.51 | 2.4 gm. pL-phenylalanine 

6 |64.8) 10.089.040.69) +0.35 | 1.0 “ L-phenylalanine 

8 (65.2) 10.08'9.07,0.69| +0.32 | 0.8 “ 

3 65.5) 10.08)9.620.69| —0.23 | 0.7 “ 

6 65.5) —0.19 | 0.7 “ 

6 \65.9) +0.90 | 0.7 “ 0.88 gm. L-tyrosineT 
6 66.3) 10.08/9.100.62| +0.36 | 0.4 “ 0.88 “ 
6 10.08)/9.220.64) +0.22 | 0.2 “ 0.88 “ 
4 |67.0) 10.08|9.780.80, —0.50$| 0.1 “ 0.88 “ 
3 10.08'8.810.75) +0.52 |} 0.4 “ 0.88 “ 
5 67.0) 10.089.840.65) —0.41 |} 0.1 “ 0.88 “ 
6 67.2) 10.08)9.220.67 +0.19 | 0.2 “ 0.88 “ 


* The initial diet contained amino acid Mixture 256. 

t Equivalent to 0.8 gm. of phenylalanine. 

t The averages represent the first 2 days only of the period. Asa result of the 
deficiency, the subject lost part of his diet on the 3rd day. See the text. 


the butter fat, lemon juice used as a flavoring agent for the amino acid so- 
lution, and the liver concentrate present in the vitamin supplements. The 
energy intakes, based on the body weights of the subjects at the beginning 
of the first period of each experiment, were 55.6 and 56.6 calories per kilo. 
In both diets, the ratio of calories derived from carbohydrates to those 
furnished by fats was maintained at 2.6. Frequent tests of urine samples, 
before and after boiling with a few drops of acid, showed the absence of 
reducing materials. 

The results of the experiment upon H. E. S. are summarized in Table IT. 
In order to conserve a meager supply of L-phenylalanine, the racemic 
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amino acid (2.4 gm. daily) was administered during the first period. As 
will be observed, a strong retention of nitrogen occurred. Positive bal- 
ances also were attained during the next two periods with daily intakes of 
1.0 and 0.8 gm. of L-phenylalanine, respectively. When, however, the 
daily dosage was reduced to 0.7 gm., a negative balance ensued. <A fact 
which is not revealed by the averages is that the nitrogen output during 
the first 2 days of the fourth period showed a much wider fluctuation than 
is usually encountered in such experiments. This suggested the possibil- 
ity that the subject had not ended the urine collection of the Ist day at 
exactly the correct time. He could not recall such an error; but, to exclude 
any effects that might have resulted therefrom, the period was terminated 
at the end of the 3rd day by the administration of the fecal marker, and a 
new period of 6 days was instituted with the same (0.7 gm. daily) intake 
of t-phenylalanine. The data for this period provided unequivocal proof 
that 0.7 gm. was insufficient to meet the daily needs of the subject. Evi- 
dently, the minimal daily L-phenylalanine requirement of H. FE. S8., when 
tyrosine was absent from the food, was 0.8 gm. 

Without altering the L-phenylalanine dosage, the ration of H. E. 8. was 
now supplemented by the addition of 0.88 gm. of L-tyrosine daily. The 
latter quantity is equivalent to 0.8 gm. of phenylalanine. Immediately, 
a strongly positive balance occurred, with an average daily retention of 
0.90 gm. of nitrogen. During the three succeeding periods, the daily L- 
phenylalanine intake was progressively lowered to 0.4, 0.2, and 0.1 gm., 
respectively. Positive balances were maintained at the 0.4 and 0.2 gm. 
levels, but reduction of the phenylalanine intake to 0.1 gm. daily induced 
a pronounced negative balance, accompanied by the onset of the symptoms 
characteristic of a severe deficiency (cf. Rose et al. (5)). The appetite 
failure was profound. On the 3rd day, the subject lost part of his food 
by vomiting, as occasionally happens when, under such circumstances, 
one forces oneself to consume a ration (ef. Rose and Wixom (13)).  Be- 
cause of this incident, the figures in Table II for the period in question rep- 
resent the first 2 days only. At the end of the 4th day, the L-phenylala- 
nine intake was raised to 0.4 gm. in order thereby to reestablish nitrogen 
balance and to restore the appetite, after which the effect of the 0.1 gm. 
dosage was again tested (penultimate period). The subject now succeeded 
in consuming and retaining his entire allotment of food despite a strongly 
negative nitrogen balance. The final period confirmed the earlier obser- 
vation that 0.2 gm. was an adequate intake. These data show clearly that 
the presence of L-tyrosine in the ration reduced the minimal L-phenylala- 
nine requirement of Subject H. E. 8S. from 0.8 gm. to 0.2 gm. daily, or exerted 
a sparing action of 75 per cent. 

The results obtained in the second experiment are presented in Table 
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III and are so straightforward as to require comparatively little comment. 
This subject (R. L. 8.), like the first, received pL-phenylalanine during the 
initial period. He showed a positive balance, though the magnitude of 
the nitrogen retention was much less than that observed during the corre- 
sponding period of the preceding experiment. Furthermore, this slight 
retention persisted during the second period, when the phenylalanine dos- 
age was reduced from 2.4 gm. of the racemic compound to 1.0 gm. of the 
t-amino acid. No reason existed for questioning the accuracy of the data; 


Taste III 
Sparing Effect of Tyrosine on Phenylalanine Requirement of Man 


Period averages. 


| € 
Diet notes* 
Subject R. L.S. 
days| kg. | gm. 

6 71.0 08 9, +0.03 | 2.4 gm. pi-phenylalanine 
6 71.8) 10.089. 340. 70, +0.04 | 1.0 “ L-phenylalanine 
6 72.0, 10.089.260.64, +0.18 | 1.0 “ 
6 72.7 10.08 9.43 0.67 —0.02 0.9 “ 
6 73.4) 10. -08)8. oP. 66 +0.99 0.9 1.1 gm. L-tyrosinef 
6 74.1) 10.088. 770.68 +0.63 “ 
6 74.2) 10. 08 8. 780. 71) +0.59 | 0.4 
7 75.2; 10.089.580.71| —0.21 | 0.2 “ 
6 75.1 10.089.100.71 40.27 0.3 “ “ 


* The initial diet contained amino acid Mixture 256. 
t Equivalent to 1.0 gm. of phenylalanine. 


but, since the young man had contracted a slight head cold on the 5th day 
of the first period, which did not disappear until about the 3rd day of the 
second period, it seemed the part of wisdom to repeat the test, without 
dietary alterations, in order thereby to assure ourselves that 1.0 gm. of 
L-phenylalanine was actually an adequate intake.' The distinctly posi- 
tive nitrogen balance obtained during the third period left no doubt with 


1 It may be of interest to note that a head cold contracted during the course of a 
nitrogen balance experiment actually may lead temporarily to a negative balance. 
This has been observed on several occasions. In a few instances, it has been nec- 
essary to discontinue a test until the subject recovered from the infection. The point 
is mentioned for the benefit of others who may conduct investigations of the type 
described in this series of papers. 
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respect to this point. On the other hand, reduction of the L-phenylalanine 
intake to 0.9 gm. (fourth period) induced an average daily nitrogen loss of 
0.02 gm. One might be inclined to regard this, for practical purposes, as 
exact equilibrium and to consider 0.9 gm. as the minimal daily require- 
ment of the subject. Against this conclusion is the fact that negative bal- 
ances occurred during 3 of the last 4 days of the period. Moreover, as 
explained elsewhere (5), the practice has been followed in all of the quan- 
titative experiments of designating as the subject’s minimal requirement 
the smallest amount of an amino acid which is capable of inducing a dis- 
tinctly positive balance as measured by the average of a period of several 
days. According to this criterion, 1.0 gm. of L-phenylalanine must be 
regarded as the minimal daily requirement of Subject R. L. S. when tyro- 
sine was absent from the diet. 

The remainder of the experiment upon R. L. 8. was concerned with 
the action of tyrosine. For this purpose, while continuing to administer 
0.9 gm. of L-phenylalanine daily, the ration was supplemented with an 
amount of L-tyrosine (1.1 gm.), which was equivalent to the minimal pheny]- 
alanine needs of the subject as shown above. The effect upon the nitrogen 
balance was remarkable. During the ensuing 6 days, the average daily 
nitrogen retention amounted to 0.99 gm. Strongly positive balances also 
occurred during the next two periods, when the daily intakes of L-phenyl- 
alanine were 0.6 and 0.4 gm., respectively. However, reducing the L- 
phenylalanine dosage during the penultimate period to 0.2 gm. per day oc- 
casioned a distinct loss of body nitrogen, which was reversed during the 
final period by raising the intake to 0.3 gm. daily. Obviously, the latter 
quantity represented the minimal needs of the subject when L-tyrosine 
was present in the food. Thus, the ingestion of tyrosine reduced the mini- 
mal daily phenylalanine requirement of Subject R. L. S. from 1.0 gm. to 
0.3 gm., or exerted a sparing effect of 70 per cent. 

The two experiments described above demonstrate in a striking manner 
the important rédle which tyrosine is capable of playing as a component of 
the food of man. Whether this property is of practical significance under 
ordinary dietary conditions, as the sparing action of cystine upon the me- 
thionine need appears to be (cf. Rose and Wixom (13)), remains to be seen. 
In so far as we are aware, attention has not been called to human dietaries 
which are deficient in phenylalanine. One should recall, however, that 
little quantitative information has been available concerning the distri- 
bution of this amino acid until the advent of improved analytical techniques 
during recent years. 


SUMMARY 


The minimal t-phenylalanine requirements of two normal young men 
have been determined, first with diets devoid of L-tyrosine and then with 


W. C. ROSE AND R. L. WIXOM 101 


otherwise identical rations containing abundant quantities of the latter 
amino acid. The results demonstrate that tyrosine is capable of exerting 
a sparing effect of 70 to 75 per cent upon the phenylalanine needs of the 
organism. Attention is called to the possible significance of these obser- 
vations in human nutrition. 
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16-SUBSTITUTED STEROIDS 
XIV. A NEW SYNTHETIC ROUTE TO A'*-STEROIDS 


By MAX N. HUFFMAN, MARY HARRIET LOTT, ano 
ALBERT TILLOTSON 


(From the Oklahoma Medical Research Foundation, Oklahoma City, Oklahoma) 
(Received for publication, February 4, 1955) 


In the epimerization of the steroidal C,.-carbinol from the 8 to the a con- 
figuration by means of the p-toluenesulfonate-acetate exchange reaction 
(1), a significant cleavage of p-toluenesulfonic acid from the molecule takes 
place, resulting in the formation of the Cy6-Ci7 double bond in ring D. 
When this reaction is effected in the androgen series, the well known musk- 
like or urine-like odor (2) of the A'®-steroid is easily detectable. This ob- 
servation led us to suppose that we might profitably explore further 
methods designed specifically to cleave p-toluenesulfonic acid from the 
steroid 16-p-toluenesulfonate, with the hope of obtaining a good prepara- 
tive method for ring D-unsubstituted A!*-steroids. 

Our first attempt, in which the 16-p-toluenesulfonate was submitted to 
reaction in boiling collidine, was successful. Further studies under the 
same conditions but with the 168- or 16a-benzoate were not successful. 
These latter studies are to be described in a later publication. 

Prelog, Ruzicka, and Wieland (2) first prepared a ring D-unsubstituted 
A'6-steroid by pyrolysis of the 17-epibenzoate. Inasmuch as the steroidal 
C,7-epialcohol is itself prepared tediously and in very low yield as a by- 
product of the reduction of the 17-ketosteroid (3), it is apparent that any 
synthetic method based upon the 17-epialcohol as a starting material is 
seriously limited. 


I. IW. R=C-CgHs 
I. Ri=C-CeHs;R2=H R=H 


It. R= C-C, Hs; R2=02S-C,H4-CH3 


In the estrogen series our synthesis involves the selective benzoylation of 
estradiol-3 ,168 (1) (4) to give the 3-benzoate (II). This compound is 
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esterified with p-toluenesulfonyl chloride and the resulting Cy,¢-tosylate 
(III) refluxed in collidine, whereupon p-toluenesulfonic acid is split out, 
effecting a double bond at Cy6-Ci;.. Thus, from estradiol-3 ,168 the 1,3,- 
5(10) , 16-estratetraen-3-ol benzoate (IV) may be obtained in 44 per cent 
over-all yield. We commonly obtain estradiol-3,168 from its readily 
available 17-ketosteroid (estrone) in 45 per cent yield. 

In the preparation of the 1,3,5(10), 16-estratetraen-3-ol (V) it has been 
found advantageous to purify through the benzoate. Actually the yield 
is much higher if the collidine cleavage product is saponified and the free 
compound taken through a benzene-0.1 N sodium hydroxide partition and 
then rebenzoylated for final purification. We have found that the estra- 
tetraenol passes preferentially into the benzene phase from 0.1 N alkali, a 
fact which permits the removal of uncleaved diol, the latter passing prefer- 
entially into the alkali phase. 

The biological status of the ring D-unsubstituted A'*-steroid in nature is 
at present obscure. However, such steroids may be primary in character 
and may not arise by metabolic degradation of fundamentally more im- 
portant hormone entities. We have performed no research which sheds 
light on the possible hormonal réle of a A'®-steroid. Our 1,3,5(10) ,16- 
estratetraen-3-ol did not inhibit pituitary gonadotropin in the parabiotic 
rat, even at a total dose of 50 y.! 

In agreement with Prelog, Ruzicka, and Wieland we found the A'®-steroid 
in the 1,3,5(10)-estratriene series to be odorless (5). 


EXPERIMENTAL? 


3-Benzoxyestra-1 ,3 ,5(10)-trien-16B8-ol—Pure 1,3,5(10)-estratrien-3 , 166- 
diol (I) (4), 1.00 gm., was dissolved in 500 ml. of 0.7 N potassium hydroxide 
with the aid of gentle heat; the solution was cooled to 15°, then shaken 
vigorously for 10 minutes with 8 ml. of benzoyl chloride, and permitted 
to remain overnight at room temperature. The mixture was filtered and 
washed very thoroughly with water. ‘To remove a small portion of diben- 
zoate formed during the course of reaction, the damp benzoate was refluxed 
in 150 ml. of 95 per cent ethanol buffered with 0.1 ml. of pyridine and 0.1 
ml. of acetic acid until solution was complete, 25 ml. of water were added, 
mixed well, and the solution was filtered quickly through sintered glass. 
The filtrate was distilled to crystallization and left at 5° for 24 hours. The 
monobenzoate (II) was collected on the filter, yielding 1.23 gm. (89 per 
cent) of fine cotton-like needles, melting at 144—145° (4). 


1 This bioassay was performed by the Endocrine Laboratories of Madison, Wis- 
consin, under the direction of Dr. Elva Shipley. 

2 All melting points, unless otherwise cited, are uncorrected. Microanalyses and 
optical rotations are by Dr. E. W. D. Huffman, Denver. 
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1,3,5(10) ,16-Estratetraen-3-ol Benzoate—The 1.23 gm. of 3-benzoxy- 
estra-1 ,3 ,5(10)-trien-168-ol (II), as above, were dissolved in 30 ml. of dry 
pyridine at 0-5° and treated with 3 gm. of solid p-toluenesulfony] chloride. 
After an hour in the ice bath, the reaction mixture was removed and left 
at room temperature for a day. The 16-tosylate was precipitated with ice 
water (600 ml.) and after a day at 5° collected on a Biichner funnel, washed 
well with water, and dried thoroughly at 40-50°. The yield of crude prod- 
uct was 1.53 gm. (III). 

To the 1.53 gm. of crude tosylate, in a reaction flask equipped with con- 
denser and calcium chloride protection, were added 120 ml. of purified 
collidine, and the solution was refluxed briskly in an oil bath (180—189°) 
for 4 hours. The cool reaction mixture was transferred to a separatory 
funnel with 0.7 Nn sulfuric acid and ethyl ether. After partitioning, the 
ethereal phase was washed with dilute sulfuric acid, with 3 per cent sodium 
bicarbonate, and with water. The resulting 1 ,3,5(10) , 16-estratetraen-3-ol 
benzoate was recrystallized from 95 per cent ethanol (charcoal), yielding 
900 mg., melting at 164-167°. This benzoate was then saponified by re- 
fluxing in 400 ml. of 95 per cent ethanol plus 16 ml. of 2.5 N potassium 
hydroxide for 2 hours; then 200 ml. of water were added, and the alcohol 
was removed by distillation. ‘The residual alkaline solution was trans- 
ferred to a separatory funnel with 600 ml. of 1.1 per cent sodium bicarbon- 
ate solution and partitioned with 800 ml. of benzene. The separated ben- 
zene phase was washed twice with equal volumes of 0.1 N sodium hydroxide 
solution and twice with water, after which the benzene was removed by 
distillation and the resulting phenolic steroid dried thoroughly. The dry 
steroid was rebenzoylated by the Schotten-Baumann technique as outlined 
heretofore. After a recrystallization from 95 per cent ethanol the 1,3,- 
5(10) , 16-estratetraen-3-ol benzoate (IV) was obtained in the form of 
clusters of long, slender needles melting at 176-177°. The yield was 570 
mg. (44 per cent). A further recrystallization from ethanol raised the 
melting point to 177—178°. 


CosH26O2. Calculated, C 83.76, H 7.31; found, C 83.65, H 7.22 
[a] +84° (c = 0.96 in chloroform) 


Prelog, Ruzicka, and Wieland (5) found 1,3,5(10), 16-estratetraen-3-ol 
benzoate to have a melting point of 184.5-185.5° (corrected) and an optical 
rotation of [a]?? +87° + 3° (ec = 1.21 in chloroform). 

1,3,5(10) , 16-Estratetraen-3-ol—Pure 1,3,5(10) , 16-estratetraen-3 -ol 
benzoate (IV) (390 mg.) was saponified by refluxing in 250 ml. of methanol 
plus 25 ml. of 1 N potassium hydroxide solution for 2 hours. Then 75 ml. 
of water were added, and the methanol was removed by distillation. The 
solution was cooled and neutralized with 1.75 ml. of acetic acid. After a 
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day at 5°, the steroid was collected on the filter. A recrystallization from 
Skellysolve B at 5° yielded 120 mg. of steroid in the form of plates (V) 
melting at 130-131.5°. Upon reduction of the volume of filtrate, a second 
crop of 70 mg., melting at 128.5—130°, was obtained. 


CisH220. Calculated, C 84.99, H 8.72; found, C 85.09, H 8.85 
la]— +115° (c = 1.50 in chloroform) 


Prelog, Ruzicka, and Wieland (5) give for 1 ,3,5(10) , 16-estratetraen-3-ol 
a melting point of 130—-131° (corrected) and an optical rotation of [al]? 
+115° + 2° (ec = 1.543 in chloroform). 


SUMMARY 


A new preparative method for ring D-unsubstituted A!*-steroids has been 
described. This method involves the collidine cleavage of the 16-p-toluene- 
sulfonate to effect a double bond at Cys-Ci7.. This synthetic route is be- 
lieved to have wide usefulness in the steroid field. 


The authors are especially indebted to the Lasdon Foundation, Ince., 
Yonkers, New York, for financial assistance rendered during the course of 
this investigation. 
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16-SUBSTITUTED STEROIDS 
XV. A NEW SYNTHETIC METHOD FOR 16-KETOSTEROIDS 


By MAX N. HUFFMAN, MARY HARRIET LOTT, anp 
ALBERT TILLOTSON 


(From the Oklahoma Medical Research Foundation, Oklahoma City, Oklahoma) 


(Received for publication, February 4, 1955) 


In 1941 (1) the senior author entered the field of 16-substituted steroids 
with the view of preparing all of the three possible 16,17-epimers of nat- 
ural estriol. Since that time two of these three epimers, 16-epiestriol (iso- 
estriol-A) (2) and 17-epiestriol (3), have become available through our 
efforts and those of the Swiss investigators. In 1952 the present authors 
made an attempt to prepare the missing 1,3,5(10)-estratrien-3 , 168 ,17a 
triol by epimerization of 3-methoxy-1 ,3 ,5(10)-estratrien-168 , 178-diol-17 
p-toluenesulfonate. However, much to our surprise, alkaline saponifica- 
tion of the latter compound resulted in actual cleavage of p-toluenesul- 
fonic acid from the molecule, yielding the 16-ketosteroid in very satisfying 
yield. 

This new synthetic approach to 16-ketosteroids is far superior to our orig- 
inal method (4) which involved the Clemmensen reduction of the 16-keto- 
178-hydroxysteroid. The Clemmensen reduction always, rather strangely, 
yields a mixture of 16-ketosteroid and 17-ketosteroid, and often this mix- 
ture of 16- and 17-ketones is intractable. Furthermore, the Clemmensen 
method is too drastic for some unsaturated compounds in the steroid series. 

The present synthesis has wide applicability. We describe here its use 
in the estrogen series, giving our original experiments along with later much 
improved procedures. For instance, it is now possible to start with estrone 
and operate through the seven synthetic steps of benzoylation, nitrosa- 
tion, saponification, zine-acetic acid reduction (5), ditosylation, sodium 
borohydride reduction, and cleavage and to obtain pure estrone-16 in 54 
per cent over-all yield. 

In keeping with our other structural assignments at Ci. (6), we have des- 
ignated the carbinol formed on the sodium borohydride reduction of 16- 
ketoestradiol-3 , 17-di-p-toluenesulfonate as possessing the 6 configuration. 


EXPERIMENTAL! 
Preparation of 3-Methoxyestra-1 ,3 ,5(10)-trien-17B-ol-16-one p-Toluene- 
sulfonate—3-Methoxyestra-1 ,3 ,5(10)-trien- 178-ol-16-one (I), 1.90 gm., 


1 All melting points are uncorrected. Microanalyses are by Dr. E. W. D. Huffman, 
Denver. 
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melting at 167—168° (7), was esterified with p-toluenesulfonyl chloride by 
our usual procedure (6 gm. of tosyl chloride, 50 ml. of dry pyridine) at 0—5°. 
After 24 hours at room temperature the derivative was precipitated with 
20 volumes of ice water. The yield was 2.60 gm. (III). A recrystalliza- 
tion from ethanolic acetone of a portion of this product gave tiny, fine 
needles melting at 179.5-180.5°, turning yellow. 

Reduction of 3-Methoxyestra-1 ,3 ,5(10)-trien-17B-ol-16-one p-Toluenesul- 
fonate by Lithium Aluminum Hydride-—In 200 ml. of absolute ether were 


CH3 
RO 
I. R=CH; Il. R=CH; 
Il. R=H Vy. R=02S-C,H,-CH3 
CH3 CH, 
0 OH 
RO RO 
VI.R=CH3. V. R=CH; 
Wil. R=H Vi. R=0> S-CegH4-CH3 


dissolved 1.95 gm. of the crude, unrecrystallized derivative in the preceding 
paragraph (III), and this solution, under nitrogen, was refluxed over 1.0 
gm. of lithium aluminum hydride during 3 hours. The excess hydride was 
cautiously decomposed with water, and the reaction mixture was parti- 
tioned between ethyl ether and 1 N sulfuric acid. The separated ethereal 
phase was washed successively with dilute sulfuric acid, with dilute sodium 
hydroxide, and twice with water. Evaporation of the ether yielded an 
oily residue which again furnished an oil upon attempted crystallization 
from acetone-Skellysolve B. This oil (V) was therefore carefully dried and 
acetylated as usual with acetic anhydride and pyridine, whereupon it fur- 
nished an acetate from methanol, melting at 154-157°. Two more recrys- 
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tallizations from methanol (charcoal) yielded 0.53 gm. of the 3-methoxy- 
168-acetoxyestra-1 ,3 ,5(10)-trien-178-ol p-toluenesulfonate in the form of 
long, fine needles melting at 160—161°. 
CosH 3406S. Calculated. C 67.44, H 6.87, S 6.43 
Found. ** 67.42, 6.80, 6.33 
Saponification of 3-Methoxy-16B-acetoxyestra-1 ,3 ,5(10)-trien-17B-ol p- 
Toluenesulfonate—Of the 17-tosylate in the preceding section, 104 mg. were 
dissolved in 20 ml. of warm 95 per cent ethanol, and an equal volume of 
1 N potassium hydroxide added. After a 30 minute reflux period, 20 ml. 
of water were added, and the reaction mixture was distilled to turbidity; 
yield 57 mg. After two recrystallizations from aqueous methanol, 48 mg. 
of product melting at 124—124.5° were obtained. 


CygHaO2. Caleulated, C 80.24, H 8.51; found, C 80.34, H 8.49 


This product was identical with 3-methoxyestra-1 ,3 ,5(10)-trien-16-one 
(4) (VIL). 

Improved Procedure for Preparation of 3-Methoxyestra-1 ,3 ,5(10)-trien- 
16-one—Crude 3-methoxyestra-1 ,3 ,5(10)-trien-178-ol-16-one p-toluenesul- 
fonate (III) was prepared as indicated in the first experiment above. Of 
the crude product, 2.60 gm. were dissolved under reflux in a solution of 
100 ml. of methanol plus 30 ml. of pyridine; the solution was cooled to 40° 
and then treated with 2 gm. of sodium borohydride dissolved in 25 ml. of 
methanol. After 45 minutes swirling, the excess sodium borohydride was 
decomposed with 25 ml. of acetone in 300 ml. of water, and the derivative 
was precipitated with 1 liter of ice water containing 25 ml. of concentrated 
hydrochloric acid and filtered after a day at 5°. The well washed product 
(damp) was dissolved under reflux in 250 ml. of 95 per cent ethanol, and 
during reflux 250 ml. of 1 N potassium hydroxide were slowly added. Re- 
fluxing was continued for 1 hour and the solution distilled to turbidity 
and very quickly filtered through glass wool (rinsing with 30 ml. of 50 per 
cent ethanol). After the addition of 150 ml. of water and a day at 5°, the 
16-ketosteroid was filtered, washed thoroughly with water, and recrystal- 
lized from aqueous methanol (charcoal) to give 1.14 gm. of 3-methoxy- 
estra-1 ,3 ,5(10)-trien-16-one (VII) in small plates melting at 123-—123.5°. 
A mixed melting point with authentic 3-methoxyestra-1 ,3 ,5(10)-trien-16- 
one gave no depression. 

Preparation of Estrone-16 by New Procedure—Estrone U. S. P. (5 gm.) 
was carried through the steps of benzoylation, nitrosation, saponification, 
and zine-acetic acid reduction as described in previous publications. The 
16-ketoestradiol (II) thus obtained (approximately 3.7 gm.) was esterified 
at ice bath temperature, as previously described (pyridine, 100 ml.; p-tol- 
uenesulfonyl chloride, 15 gm.). After 24 hours at room temperature, the 
3,17-ditosylate (IV) was precipitated with 20 volumes of ice water. The 
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well washed product was dried at 40° before reduction. (In another ex- 
periment crude 16-ketoestradiol-3 ,17-di-p-toluenesulfonate was recrystal- 
lized once from acetone-methanol and once from 95 per cent ethanol to 
give long needles melting at 159—159.5°.) 

The ditosylate, approximately 6.8 gm., was dissolved under reflux in a 
mixture of 200 ml. of methanol and 60 ml. of pyridine. The solution was 
then cooled to 40°, and 4 gm. of sodium borohydride dissolved in 50 ml. of 
methanol were added. The reaction mixture was swirled frequently dur- 
ing the course of 45 minutes, at which time 500 ml. of water containing 
50 ml. of acetone were mixed in and allowed to stand for 15 minutes. Then 
2 liters of ice water containing 50 ml. of concentrated hydrochloric acid 
were added, and, after thorough agitation, the mixture was placed at 5° 
foraday. The reduced derivative was collected on a Biichner funnel and 
washed very thoroughly with water. 

The crude 16-epiestriol ditosylate (VI) was dissolved under reflux in 540 
ml. of 95 per cent ethanol, and 270 ml. of 1 N potassium hydroxide were 
added to the refluxing solution. After 30 minutes boiling, another 270 ml. 
portion of potassium hydroxide was added, followed by 30 minutes reflux- 
ing. The ethanol was then removed by distillation, 340 ml. of water were 
added, and after several hours at room temperature the alkaline solution 
was filtered through sintered glass (rinsing with 100 ml. of 0.1 N potassium 
hydroxide). The acidified solution after a day at 5° was filtered and the 
estrone-16 recrystallized from aqueous methanol (charcoal) to give 2.59 
gm. (52 per cent over-all yield from estrone) melting at 243-244° (4) (VIII). 
Only one additional recrystallization from aqueous methanol was necessary 
to furnish a product of the highest purity. 


SUMMARY 


A new synthetic route to 16-ketosteroids is described, with examples in 
the estrogen series. This method takes advantage of the fact that 16-hy- 
droxy-178-toluenesulfonoxy steroids readily lose toluenesulfonic acid from 
the molecule upon mild saponification. 


The authors are especially indebted to the Lasdon Foundation, Ine., 
Yonkers, New York, for financial] assistance rendered during the course of 
this investigation. 


BIBLIOGRAPHY 


. Huffman, M. N., J. Am. Chem. Soc., 64, 2235 (1942). 

. Huffman, M. N., and Darby, H. H., J. Am. Chem. Soc., 66, 150 (1944). 

. Prelog, V., Ruzicka, L., and Wieland, P., Helv. chim. acta, 27, 250 (1944). 

. Huffman, M. N., and Lott, M. H.,./7. Am. Chem. Soc., 73, 878 (1951) ; 76, 4327 (1953). 
. Huffman, M. N., and Lott, M. H., J. Biol. Chem., 172, 325 (1948). 

. Huffman, M. N., and Lott, M. H., J. Biol. Chem., 215, 627 (1955). 

. Butenandt, A., and Schaffler, E.-L., Z. Naturforsch., 1, 82 (1946). 


Nou, = 


| 
| 


ex- 
tal- 
1 to 


in 
was 
l. of 
lur- 
ling 
hen 
L 


STUDIES ON CYTOPLASMIC RIBONUCLEOPROTEIN 
PARTICLES FROM THE LIVER OF THE RAT* 


By JOHN W. LITTLEFIELD, ELIZABETH B. KELLER, JEROME 
GROSS, anp PAUL C. ZAMECNIK 


(From the Medical Laboratories of the Collis P. Huntington Memorial Hospital 
and the Robert W. Lovett Memorial Foundation for the Study of Crippling 
Diseases, Harvard Medical School, and the Department of Medicine, 
Massachusetts General Hospital, Boston, Massachusetts) 


PLATE 1 


(Received for publication, February 24, 1955) 


The relationship between ribonucleic acid (RNA) and protein synthesis 
was first demonstrated by Brachet (1) and Caspersson (2). Cytoplasmic 
RNA is concentrated in the microsome fraction of the cells of liver, pan- 
creas, and other organs (3-5), and there is increasing evidence for the im- 
portance of microsomes in protein synthesis (6-9). Recent studies by 
electrophoresis and the ultracentrifuge (10, 11), and with the electron mi- 
eroscope (12-16), have emphasized the heterogeneity of these submicro- 
scopic components of the cytoplasm and have suggested that RNA is 
localized in particles of approximately 100 to 150 A in diameter. The 
present work attempts to characterize these particles chemically and to 
investigate the'r . le in the incorporation of amino acids into protein. 


EXPERIMENTAL 


Materials—p.u-Leucine-1-C™, and t-valine-1-C™ were 
synthesized by Robert B. Loftfield (17) from BaC™O, obtained on alloca- 
tion from the United States Atomic Energy Commission. 

Sodium deoxycholate was obtained from the Sandoz Chemical Works, 
Inc., and deoxycholic acid from the Nutritional Biochemicals Corporation. 
Crystalline ribonuclease was obtained from the Worthington Biochemical 
Corporation. 

Preparation of Microsome Fraction—Male Wistar rats (250 to 300 gm.) 
were decapitated, and the livers were quickly excised and chilled in ice. 
4 gm. portions of liver were minced in 12 ml. of ice-cold 0.25 mM sucrose 


* Supported by grants-in-aid from the American Cancer Society, the Atomic 
Energy Commission, the Damon Runyon Memorial Fund for Cancer Research, 
Inc., and the National Institute of Arthritis and Metabolic Diseases, United States 
Public Health Service (grant No. A90(C4)). This is Publication No. 839 of the Can- 
cer Commission of Harvard University and No. 183 of the Robert W. Lovett Memorial 
Foundation for the Study of Crippling Diseases, Harvard Medical School, and the: 
Department of Medicine, Massachusetts General Hospital. A preliminary report of 
this work has been published (J. Clin. Invest., 34, 950 (1955)). 
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(18) and homogenized at 0° in a glass homogenizer with a difference in 
diameter of tube and pestle of 0.2 mm. (19). The homogenate was centri- 
fuged at 0° for 10 minutes at 18,000 * g, the supernatant fluid was re- 
moved, and the precipitate and adjacent 1 ml. of supernatant fluid were 
discarded. The supernatant fluid was sedimented at 0° for 45 minutes at 
105,000 « g (R average) in the No. 40 rotor of the Spinco model L ultra- 
centrifuge. The soluble fraction of the cell was decanted, the pellet was 
allowed to drain briefly, and the walls of the tube were wiped dry. In 
this paper the term “‘microsomes”’ or “‘microsome fraction” refers to the 
pellet obtained in such a fashion. 

Analyses—Samples were precipitated and washed with cold 0.5 N per- 
chloric acid, extracted twice at room temperature with a mixture of alco- 
hol, ether, and chloroform (2:2:1), and treated at room temperature for 
1 hour with 1 Nn NaOH.' The solution was then reacidified with 6 Nn HC| 
and centrifuged. The precipitate was washed once with cold 0.5 N per- 
chloric acid and twice with acetone, dried at 110° for 5 hours or at 70° 
overnight in tared tubes, weighed to give protein dry weight, and then 
ground, plated, and assayed for C (20). RNA content of the samples 
was determined from the optical density at 260 my, in a Beckman model 
DU spectrophotometer, of the acidified NaOH extract, by using an extine- 
tion coefficient of 34.2 per mg. per ml. per cm.' Deoxyribonucleic acid 
was not present in the microsomes, since the same values were obtained 
if the nucleic acid was extracted with 0.5 N perchloric acid at 70° for 15 
minutes. Also a hot perchloric acid extract after NaOH treatment gave 
a negative diphenylamine reaction (21). 

At times small non-radioactive samples were analyzed more rapidly as 
follows: the cold perchloric acid precipitate was treated with 0.5 N per- 
chlorie acid at 70° for 15 minutes, stirred, and centrifuged. The nucleic 
acid content was determined from the optical density of the supernatant 
fluid at 260 my as above. The precipitate was homogenized briefly in 
2 ml. of 2.5 n NaOH, and 5 ml. of biuret reagent were added (22). After 
30 minutes the solution was filtered through Whatman No. 5 paper, and 
the optical density of the filtrate at 540 my was measured in the Coleman 
junior spectrophotometer against a filtered reagent blank. Protein con- 
tent of the sample was calculated from the absorption of similarly treated 
microsomes of known protein dry weight determined as above. 

Time Curve Technique—KRats were anesthetized with ether, their abdo- 
mens opened, and loose ties placed around two lobes of the liver. The 
solution of radioactive amino acids was injected rapidly into the tail vein. 
The time from the end of the injection to the moment when each excised 


1 Scott, J. F., Fraccastoro, A. P., and Taft, E. B., unpublished. 
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lobe entered an ice water bath has been used in constructing Text-figs. 
3 and 4. 

Cell-Free Incorporation Technique—The supernatant fluid of liver, ho- 
mogenized in a medium containing 0.25 m sucrose, 0.035 M potassium bi- 
carbonate, and 0.004 m magnesium chloride, and sedimented at 18,000 
x yg, Was incubated at 37° with a radioactive amino acid and potassium 
3-phosphoglycerate as the energy donor (19). 

Microscopy—Fine suspensions of freshly prepared microsomes 
and of deoxycholate-insoluble material were diluted with distilled water 
until faintly opalescent. A drop of suspension stood 1 to 5 minutes on a 
collodion-covered specimen grid before draining and drying in air. At 
times the grids were washed with water. In addition, the original micro- 
some suspension was diluted with 1 per cent osmium tetroxide in Veronal- 
acetate buffer, pH 7.4 (13); after 5 to 6 minutes the grids were prepared 
and washed in water before drying. Control grids were prepared from 
centrifuged samples of sucrose media and sodium deoxycholate. An RCA 
electron microscope model EMU 2C was used in these studies. 


Results 


Use of Sodium Deoxycholate—The addition of deoxycholate immediately 
decreases tlie opacity of a microsome suspension (23). Upon resediment- 
ing the suspension at 105,000 X* g, only a small loosely packed precipitate 
overlies the traus'cent glycogen pellet.2 With the optimal amount of 
deoxycholat« this precipitate contains essentially all the RNA and approx- 
imately one-sixth the protein of the original microsomes. This separation 
depends on the ratio of deoxycholate to microsomes and on the concentra- 
tion of deoxycholate. In Text-fig. 1 the per cent recovery in the sedi- 
ment of RNA and protein from the whole microsome fraction is plotted 
against increasing concentration of deoxycholate. There is an optimal 
concentration producing high recovery of RNA and high RNA to protein 
ratios in the sediment; above this concentration RNA fails to sediment 
completely. In addition, it is important to use at least two-thirds by 
weight as much deoxycholate as microsome protein and to dilute the 
deoxycholate with water before centrifugation. 

In practice the homogenization of the liver is standardized so that the 
weight of microsome protein in each 12.5 ml. Lusteroid centrifuge tube 


* Dr. C. P. Barnum and Dr. R. A. Huseby have kindly communicated to us un- 
published experiments with sodium glycocholate. 

* In the initial sedimentation of microsomes this colorless translucent pellet packs 
in variable amount below the red microsomes. In one case such material was sep- 
arated and washed twice by centrifugation. It contained 100 per cent glycogen by 
analysis for glucose after acid hydrolysis. 
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can kc predicted roughly (up to 80 mg. are convenient). Three-quarters 
as inuch deoxycholate (60 mg.) in the form of a freshly prepared cold 5 
per cent solution in glycylglycine buffer 0.2 m at pH 8.0 is added directly 
.o the microsome pellet. Deoxycholate solutions which are old or less 
ilxaline give variable results. The pellet is homogenized with a cold 
closely fitting pestle until no gross particles remain. After standing on 
ice a few minutes, the tube is filled with ice-cold water, mixed, and centri- 
fuged at 0° for 2 hours at 105,000 & g. Then the bulk of the superna- 
tant fluid is collected easily by aspiration and the remainder is sucked 


, 
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NA DEOXYCHOLATE IN PER CENT 


Text-Fic. 1. Effect of sodium deoxycholate concentration on recovery of RNA 
and protein in the 105,000 & g sediment. Different volumes of | per cent sodium 
deoxycholate in 0.05 m glycylglyeine, pH 8.0, were added to 1 ml. aliquots of micro- 
some suspension in water (11 mg. of protein) to give the concentrations indicated. 
After a few minutes each 12.5 ml. Lusteroid tube was filled with ice-cold water and 
centrifuged for 3 hours at 105,000 &* g. The supernatant fluid and sediment were 
separated and analyzed. 


PER CENT RECOVERY IN SEDIMENT 


carefully from around the loosely packed sediment, leaving about 0.5 ml. 
per tube. 

With this method the sediment regularly contains about 42 per cent 
RNA by weight‘ in good yield (Table I). Values approaching 50 per 
cent RNA can be obtained with some loss of RNA by washing the sedi- 
ment. Higher values occur with regenerating liver. 

Characterization of Deoxycholate-Insoluble Material—No RNA can be 
sedimented in 10 minutes at 18,000 & g immediately after the addition 
of deoxycholate to the microsomes. However, when the deoxycholate- 


* Per cent RNA by weight here and elsewhere in this paper means per cent RNA 
in re aan RNA plus protein. Lipide, glycogen, and salts, ete., are not in- 
cluded. 
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insoluble sediment obtained at 105,000 x g is resuspended in water or 
dilute buffer, considerable material can be precipitated at the lower cen- 
trifugal force. There is no difference in RNA to protein ratio between 
the material in the precipitate and in the supernatant fluid. Dialysis, 
washing, or freezing increases the instability of the deoxycholate-insoluble 
material. 

Several studies were performed on suspensions of the deoxycholate- 
insoluble material after a variable amount of precipitate at 18,000 x g 
was discarded. Spectrophotometric analysis in the visible range showed 
the absence of microsomal cytochrome );, which is solubilized by deoxy- 
cholate (23). There is strong absorption in the ultraviolet due to RNA 


Taste 
RNA Recovery and Content during fractionation 


Per cent recovery Per cent RNA by 
of RNA weight® 


18,000 X g supernatant fluid................... 55 6 
Deoxycholate-insoluble material. .............. 36 42 

after washing 25 50 


These are representative values taken from several experiments on adult rats 
(230 to 380 gm.). 
* Represents per cent RNA in the combined RNA plus protein. 


and protein, which together give a single broad peak with a maximum at 
258 my. 

Ultracentrifugal analyses® were made on deoxycholate-insoluble sedi- 
ments. A washed sediment with 50 per cent RNA showed one major 
peak with a sedimentation constant of 47 8 (corrected to 20° and water). 
A similar peak appeared in the analysis of material with a lower RNA to 
protein ratio. The sedimentation constant of this major-peak corresponds 
to the value given by Petermann ef al. for the main macromolecular com- 
ponent of normal rat liver (Component B) (10), indicating that the deoxy- 
cholate-insoluble sediment contains Component B. An experiment in 
which deoxycholate was added to microsomes shows that it does not alter 
significantly the size or shape of the B boundary (Text-fig. 2). The solu- 
bilizing effect of deoxycholate is primarily upon the large, rapidly spreading 
boundary which sediments ahead of the macromolecules. Conversely, the 
B boundary is abolished if the microsomes are incubated with ribonuclease 


* We are indebted to Dr. Karl Schmid for carrying out these ultracentrifygal 
analyses. 
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before analysis; in this case the large, rapidly spreading boundary is not 
altered. (Microsomes containing 10 mg. of protein plus 0.4 mg. of ribo- 
nuclease were incubated at 25° for approximately 1 hour in 2.0 ml. of 
0.1 mM glycine buffer, pH 8.4, and 0.44 m sucrose and compared with a 
similarly treated control without ribonuclease.) 

Examination in the electron microscope of unstained unshadowed deoxy- 
cholate-insoluble material revealed a uniform distribution of small parti- 
cles averaging 240 A in diameter (range 190 to 330 A) (Fig. 1). These 
particles are roughly round, nearly identical in size and shape, and appear 
to taper off in density from center to periphery. Usually a small amount 


4 MIN. 18 MIN. 


_—> ——> 


Text-Fia. 2. Ultracentrifugal analysis of microsomes suspended in 0.1 m glycine 
buffer, pH 8.3, containing 0.44 m sucrose (a) and microsomes in this medium plus 
0.5 per cent sodium deoxycholate (b). These patterns were obtained after 4 and 18 
minutes at 37,020 r.p.m. and 28° in the Spinco model E ultracentrifuge. The direc- 
tion of sedimentation is indicated by the arrows. 


of low density material and occasionally fine dense particles of about 50 A 
in diameter were present as well. 

Essentially similar particles averaging 210 A in diameter were present 
in unstained unshadowed preparations of whole microsome fractions (Fig. 
2). In this case the particles are found free or at the periphery of, or 
closely packed upon, much larger and less dense disk-like or irregular struc- 
tures. These preparations may be washed in water without apparent 
morphological alteration. Osmium-fixed microsomes did not differ signifi- 
cantly from the unfixed material, and both appeared essentially as de- 
scribed by Slautterback (12). 

The control grids of sucrose media and deoxycholate contained some 
fibrous material and groups of small dense particles varying widely in 
size. The fields examined could not be confused with the uniform fields 
of essentially homogeneous deoxycholate-insoluble particles. 


| 
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Incorporation Experiments in Vivo—Since over 70 per cent of the early 
incorporation of radioactive amino acids into liver protein in vivo occurs 
in the microsomes (19), we investigated amino acid incorporation into the 
two components of this cell fraction. In Text-figs. 3 and 4 are plotted 
the specific activities of the deoxycholate-soluble and deoxycholate-insol- 
uble proteins from the microsomes of liver lobes excised in sequence soon 
after intravenous injection of pt-leucine-C™. An experiment with a small 
dose, 0.16 umole of pt-leucine-C™, is shown in Text-fig. 3. Maximal 


46 DEOXYCHOLATE 
30} SOLUBLE - 
45 
20} 
= DEOXYCHOLATE 
INSOLUBLE 
48 
SOLUBLE PROTEIN 
OF CELL 
5 0 20. 25 


TIME IN MINUTES 

Text-Fiac. 3. Incorporation in vivo of a small dose of leucine-C™ into the two 
components of the microsomes and into the soluble protein of the cell. 0.16 umole 
of pLt-leucine-C'*, 1.8 K 107 ¢.p.m. per mg., in 0.5 ml. of isotonic saline was injected 
intravenously at zero time into a 270 gm. rat. The per cent RNA by weight of each 
deoxycholate-insoluble sample is indicated. The per cent RNA averaged 2.1 in the 
deoxycholate-soluble fractions of the microsomes and 1.7 in the soluble fractions of 
the cell. 


radioactivity was incorporated into the deoxycholate-insoluble protein 
within a few minutes, with subsequent fall in specific activity. The deoxy- 
cholate-soluble protein showed a slower rate of increase in activity, which 
continued during the 20 minute experiment. Similar results were obtained 
on repetition of this experiment and when individual rats were sacrificed 
without laparotomy at intervals of 2, 9, and 31 minutes after injection of 
pL-leucine-C™, 

These experiments were repeated with large doses of labeled amino acid 
to maintain a constant intracellular specific activity for a longer period. 
Text-fig. 4 shows an experiment in which 100 umoles of pL-leucine-C™ 
were injected. Again the specific activity of the deoxycholate-insoluble 
protein reached a maximum within a few minutes but now remained es- 
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sentially unchanged during the 20 minutes. The specific activity of the 
deoxycholate-soluble protein rose at a slower rate, as in the earlier experi- 
ments (Text-fig. 3). 50 uwmoles of L-valine-C™ gave data similar to those 
of Text-fig. 4 on two occasions. 

The specific activity of the deoxycholate-soluble protein of the micro- 
somes was several times higher than that of the soluble protein of the liver 
cell (Text-figs. 3 and 4). 
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Text-Fic. 4. Incorporation in vivo of a large dose of leucine-C'* into the two 
components of the microsomes and into the soluble protein of the cell. 100 umoles 
of pL-leucine-C'*, 1.1 XK 10° ¢.p.m. per mg., in 2.0 ml. were injected intravenously 
at zero time into a 300 gm. rat. The per cent RNA by weight of each deoxycholate- 
insoluble sample is indicated. The per cent RNA averaged 2.3 in the deoxycholate- 
soluble fractions of the microsomes and 1.9 in the soluble fractions of the cell. 


It was important to analyze the deoxycholate-insoluble material for 
adsorbed radioactivity. Routinely before this protein was assayed for C™ 
it had been extracted with 1 Nn NaOH for 1 hour at room temperature. 
After the NaOH solution was acidified, approximately 8 per cent of the 
protein failed to precipitate. However, little C' was found in this acid- 
soluble material, as determined by the ninhydrin-CO, method after acid 
hydrolysis (24). In addition, several washed samples of deoxycholate- 
insoluble protein were analyzed for contamination by free radioactive 
amino acid by the ninhydrin-CO, method, with inert alanine added as 
carrier. No C* appeared in the evolved CO,. 

Incorporation in Cell-Free System—The incorporation of radioactive 
amino acids into protein in an anaerobic cell-free system from rat liver 
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and the evidence for a-peptide bond synthesis in this system have been 
described (19). In this system the labeling of microsome protein was up 
to 18 times that of soluble cell protein. We found that if these labeled 
microsomes were separated into their two components, the deoxycholate- 
insoluble protein had up to 22 times the specific activity of the deoxy- 
cholate-soluble protein. For example, deoxycholate-insoluble material 
containing 44 per cent RNA and 189 c.p.m. per mg. of protein and deoxy- 
cholate-soluble material containing 2.5 per cent RNA and 24 c.p.m. per 


TABLE II 
Change from High to Low Amino Acid Specific Activity during Cell-F ree 
Incorporation 
Inert t-leucine added | Duration of incubation | C.p.m. per mg. protein 
pmole min. 

L-Leucine-C"'* 3 26 

- 1.0 at 3 min. 10 41 

- 10 67 

- 1.0 at 0 time 10 19 


Inert L-valine added 


L-Valine-C'4 3 10 
- 1.0 at 3 min. 10 16 
10 28 
» 1.0 at 0 time 10 6 


All flasks contained 1.0 ml. of supernatant fluid of liver homogenate sedimented 
at 18,000 X g, prepared as described under ‘‘Experimental,’’ and 10 umoles of po- 
tassium 3-phosphoglycerate in a final volume of 1.2 ml. Incubation at 37° in air. 
In each experiment 0.1 wmole of L-leucine-C"*, 7.9 10° c.p.m. per mg., or 0.1 umole 
of t-valine-C'4, 5.0 X 10° c.p.m. per mg., was used. 


mg. of protein were recovered from one incubation mixture. In another 
experiment higher labeling was obtained by using pt-leucine-C" (4.5 xX 
10° c.p.m. per mg.) at a saturating concentration (0.25 umole per ml.) 
(19); deoxycholate-insoluble material containing 45 per cent RNA and 910 
¢.p.m. per mg. of protein was isolated. 

Other experiments with the cell-free system indicated that this incor- 
poration into protein is not a readily reversible reaction. When a large 
amount of inert amino acid was added to the system after 3 minutes of 
incubation, the protein specific activity did not fall but slowly continued 
to increase during the remaining period of active incorporation (Table II). 

Sedimentation of Microsomes with 2.05 m Sucrose—In search of corrobo- 
ration of the above incorporation experiments, we made many attempts to 
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fractionate microsomes by methods other than deoxycholate. We achieved 
partial success through sedimenting a microsome suspension after layer- 
ing it over a sucrose solution of high density (25). Best results were 
obtained when 3.5 ml. of microsome suspension (0.88 m sucrose, 0.35 m 
KCl, 0.004 m MgCl.) were layered over 1.5 ml. of 2.05 m sucrose, and the 
tube was centrifuged for 1.5 hours at 125,000 * g (R average) in the 
Spinco SW39 rotor. The 2.05 m sucrose layer then contained material 
with over 50 per cent of the RNA of the microsomes and with an RNA 
content of 20 per cent. This separation was performed twice on micro- 
somes from livers excised 2 minutes following intravenous injection ot 
puL-leucine-C™'. The specific activity of the protein in the 2.05 m sucrose 
layer was 2.3 times that of the protein in the 0.88 m sucrose layer, and the 
per cent RNA of the material in the two layers showed exactly the same 
relationship. These results are in agreement with the data obtained by 
the use of deoxycholate. 


DISCUSSION 


The deoxycholate-insoluble material from the microsome fraction of rat 
liver appears to correspond to the “macromolecules” described by Peter- 
mann et al. (10) and to the ‘“‘small particulate component of the cytoplasm” 
described by Palade (13).7 Since this material contains approximately 
equal amounts of RNA and protein and includes most of the cytoplasmic 
RNA, we may use the term “ribonucleoprotein particles,’ without intend- 
ing to convey an impression of strict homogeneity. 

Previous workers have demonstrated that the initial incorporation of 
radioactive amino acids into liver protein in vivo is largely in the micro- 
some fraction of the cell (6-9). Our experiments show that the ribo- 
nucleoprotein of the microsomes is labeled maximally within a few minutes 
after the intravenous injection of leucine-C™ or valine-C", while the bulk 
of microsomal protein is labeled more slowly and progressively. In addi- 
tion, we may estimate from these data what fraction of the ribonucleo- 
protein is involved in such rapid labeling. 

The specific activity of the ribonucleoprotein in Text-fig. 3 declines at 
much the same rate as does that of free intracellular leucine following a 
small intravenous dose of leucine-C™“ (unpublished experiments by Robert 
B. Loftfield). After a large dose the specific activity of the free intra- 
cellular amino acid would remain constant, as does that of the ribonucleo- 


6 We are grateful to Dr. M. L. Petermann for sending us a manuscript of this paper 
before publication. 

7 In the osmium-treated preparations of Palade the particles show a diameter of 
100 to 150 A. The disparity in size from the particles shown in Figs. 1 and 2 may 
be due to the difference in methods of preparation of the material for electron mi- 


croscopy. 
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protein in Text-fig. 4. From the data of Text-fig. 4 we can calculate the 
fraction of ribonucleoprotein-leucine which appears to be turning over 
rapidly (maximal per cent of ribonucleoprotein-leucine labeled), if we 
assume that the leucine content of ribonucleoprotein is 10 per cent, as in 
microsomes (26). The specific activity of the free intracellular leucine is 
taken to be 40 per cent of that of the large dose injected (unpublished ex- 
periments of Robert B. Loftfield). Thus in this particular experiment it 
would be approximately 4.4 X 105 c.p.m. per mg. of free intracellular leu- 
cine. 

Maximal per cent of ribonucleoprotein-leucine labeled = ((425 ¢c.p.m. per 
mg. of protein) X 100)/((0.1 mg. of leucine per mg. of protein) x (4.4 X 
10° c.p.m. per mg. of free intracellular leucine)) = 1.0. 

Similarly in the experiment with 50 umoles of L-valine-C"™ 0.75 per cent 
of ribonucleoprotein-valine was labeled, assuming a valine content of 5 per 
cent (26). Thus it appears that only a very small fraction of the total 
amino acids in the ribonucleoprotein is turning over rapidly. 

It is difficult to decide whether the incorporation into ribonucleopro- 
tein is an essential step in protein synthesis or a non-essential equilibra- 
tion reaction. In such experiments in vivo there are uncertainties about 
the period required for distribution of intravenously injected amino acids 
throughout the body water and for cessation of metabolism on cooling 
tissues. For these reasons we have been unable to measure accurately 
the rate of labeling of ribonucleoprotein and cannot yet relate it to the rate 
of incorporation into whole liver protein per hour (9), nor to the rate of 
plasma protein synthesis by the liver (27). Experiments with the cell- 
free incorporation system are pertinent to the problem. Here, when 
maximal incorporation is reached, the labeling of ribonucleoprotein leucine 
was 20 per cent of the corresponding 7n vivo value, and the distribution of 
radioactivity in the two components of the microsomes and the soluble 
protein of the cell resembled that occurring in vivo after a few minutes. 
Thus in the cell-free system the incorporation reaction seems slowed but 
not distorted. During the period of active cell-free incorporation the addi- 
tion of a large amount of inert amino acid failed to wash out radioactivity 
already incorporated. This result indicates that we are not studying 
merely a rapidly established equilibrium between free amino acids and 
those incorporated. It suggests strongly that the rapid incorporation into 
the ribonucleoprotein is an essentially irreversible step in protein synthesis. 

From this work emerges the concept that the cytoplasmic ribonucleo- 
protein particles are the site of initial incorporation of free amino acids 
into protein and that only a very small fraction of the total amino acids 
in these particles may be involved in this rapid reaction. It seems not 
unlikely that these amino acids are in the form of polypeptide chains or 
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otherwise unfinished protein molecules and that they may be transferred 
to the deoxycholate-soluble fraction of the microsomes or to the soluble 
fraction of the cell for final adjustments of size and shape. It is to be 
hoped that stable biologically active ribonucleoprotein particles can be 
isolated. Such a preparation would facilitate further investigation of the 
importance of ribonucleoprotein in the early phases of protein synthesis, 


SUMMARY 


Cytoplasmic ribonucleoprotein particles can be prepared from the micro- 
some fraction of rat liver by the use of sodium deoxycholate. Such parti- 
cles have a RNA to protein ratio approaching 1 and include almost all 
the RNA of the microsomes. In the ultracentrifuge they show a single 
major peak with a sedimentation constant of 47S. In the electron micro- 
scope unfixed preparations show essentially homogeneous dense particles 
of approximately 240 A in diameter (190 to 330 A). 

The incorporation of intravenously injected radioactive leucine and 
valine into the protein of these particles reaches a maximum within a few 
minutes. The bulk of the protein of the microsome fraction, made sol- 
uble by deoxycholate, is labeled more slowly and progressively. 


The authors wish to express their thanks to Dr. Joseph C. Aub for his 
encouragement, to Dr. Robert B. Loftfield for many helpful discussions 
and for providing the radioactive amino acids which made this investi- 
gation possible, and to Mrs. Meredith A. Hannon for valuable technical 
assistance. 
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The inhibition of Lactobacillus arabinosus by L-aspartic acid and its re- 
versal either by L-glutamic acid or, more effectively, by L-glutamine were 
first reported by Lewis and Olcott (1).!. The effectiveness of L-glutamic 
acid in reversing the inhibition was found to be markedly increased when 
either the inoculum size or the incubation time was increased, and aspar- 
agine was shown to be much less inhibitory than aspartic acid (1), thus 
accounting for the regular, rather than sigmoidal, L-glutamic acid standard 
curve obtained with the earlier assay medium of Dunn et al. (3) which con- 
tained asparagine rather than aspartic acid. Subsequently, numerous in- 
vestigations of L. arabinosus either with L- or pDL-aspartic acid as the 
inhibitor (4-8) or with other somewhat less effective glutamic acid anti- 
metabolites (9-12) have yielded results substantially the same as those of 
Lewis and Olcott (1). It has been generally concluded that the observed 
inhibitions are effected through a blocking of the system involved in glu- 
tamic acid amidation, and Hac et al. (5) proposed that ‘glutamine, rather 
than glutamic acid, is the substance actually utilized by the test organism.” 
Ayengar et al. (8), however, thought it “doubtful that all of the glutamic 
acid must be converted to glutamine,” since they showed that combinations 
of t-glutamic acid and glutamine in an aspartic acid-rich medium gave 
better growth than equivalent amounts of glutamine alone, and Borek and 
Waelsch (11) pointed out that some uncertainties existed because of the 
possibility that inhibitors might block either the metabolism or the pene- 
tration of a nutrient. 

Much less attention has been given to the inhibition of p-glutamic acid 
than L-glutamic acid utilization of L. arabinosus. Dunn et al. (3) showed 
that the response of this bacterium to pi-glutamic acid was markedly 
greater than that to L-glutamic acid in aspartic acid-free media, and this 


* Paper 104. This work was aided by grants from Eli Lilly and Company, the 
Nutrition Foundation, Inc., Swift and Company, the United States Public Health 
Service, and the University of California. The authors are indebted to Miss Lynn 
Wyler for technical assistance. 

1 Feeney and Strong (2) had previously reported a similar relationship with Lac- 
tobacillus casei. 
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was subsequently confirmed by Baumgarten et al. (6). They inferred that 
“the unnatural antipode of glutamic acid plays some essential réle in the 
metabolism of the microorganism.’ This conclusion was supported by 
the subsequent finding of considerable amounts of p-glutamic acid in hy- 
drolysates of L. arabinosus cells (13, 14), but did not appear to be in accord 
with the results of a later investigation (15) which showed that p-glutamie 
acid utilization by L. arabinosus may be completely inhibited by aspartic 
acid in concentrations so low as to have little effect upon L-glutamic acid 
utilization. 

Recently, a number of aspartic acid-resistant strains of L. arabinosus 
have been developed and studied in the authors’ laboratory, both for the 
purpose of elucidating the aspartic acid-glutamic acid interrelationship 
further and for the possible special applications such strains might have in 
microbiological assays. The results of these studies are presented in the 
present paper. 


EXPERIMENTAL 


Maintenance of the cultures, preparation of inocula, and general experi- 
mental techniques were as described previously (15, 16). The aspartic 
acid- and glutamic acid-free basal medium (15), containing 6 mg. per cent 
of asparagine, was supplemented as required with aspartic acid and with 
L- and p-glutamic acids. The basal medium supplemented with 4 mg. per 
cent of p-glutamie acid will be referred to as Medium D, and that supple- 
mented with 4 mg. per cent of L-glutamic acid as Medium L. The pH 
(before autoclaving) of the media either with or without supplements was 
6.5, unless otherwise indicated. 

Experiments were first directed toward the isolation of strains capable 
of utilizing p-glutamic acid in the presence of elevated concentrations of 
L-aspartic acid. Serial subculture of L. arabinosus 17-5, ATCC 8014, in 
Medium D, supplemented with gradually increasing concentrations of 
L-aspartic acid, failed to yield resistant strains, and the use of L-aspartic 
acid gradient plates, prepared with Medium D containing 2 per cent agar,’ 
was likewise unsuccessful. A strain of considerably increased aspartic 
acid resistance was readily isolated, however, with the aid of a turbidostatic 
selector.2. A detailed description of this apparatus and the gradient plate 
method of isolating resistant strains have been presented previously in de- 
tail by Bryson and Szybalski (17). 

2 Special agar-Nobel, supplied by the Difco Laboratories, Inc., was employed 
in the preparations of solid media. 

3 This was of independent design but identical in principle of operation with the 
instrument developed by Bryson and Szybalski (17). The authors are indebted to 


Karl K. Jensen, Ross W. Farmer, Frank Schuster, Andrew Schutz, and Edgar L. 
Wheeler, of this department, for invaluable aid in the construction of this apparatus. 
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In the present application, Medium D contained in the culture tube of 
the turbidostatic selector was inoculated with L. arabinosus 17-5, and the 
resulting growing culture was maintained by the instrument at a constant 
population density, while L-aspartic acid was automatically introduced 
into the culture medium in such a manner that its concentration increased 
proportionately to the progression of growth. After 60 hours of operation 
the L-aspartic acid concentration within the culture tube had reached 16 
mg. per cent and the rate of growth of the culture had dropped to a negli- 
gible value. 

Samples of the final culture from the turbidostatic selector were plated 
out in Medium D supplemented with 2 per cent agar and 20 mg. per cent 
of L-aspartic acid to yield isolated colonies‘ of aspartic acid-tolerant varie- 
ties, and the latter were transplanted by stabs into yeast dextrose agar 
(Difco Laboratories). Since preliminary tests indicated that the cultures 
isolated in this manner were not significantly different from each other, 
only one strain, designated L. arabinosus 376-15, was retained for further 
investigation. 

Experiments were next directed toward the isolation of strains capable 
of utilizing L-glutamic acid in the presence of elevated concentrations of 
t-aspartic acid. Such strains were found to arise merely upon prolonged 
incubation of either L. arabinosus 17-5 or L. arabinosus 376-15 in Medium 
L, supplemented with inhibitory concentrations of L-aspartic acid. They 
were isolated by plating out in Medium L, which contained 2 per cent agar 
and was supplemented with 1 per cent L-aspartic acid. The strains de- 
rived in this manner from L. arabinosus 17-5 did not differ significantly 
among themselves, and only one such strain, designated L. arabinosus 
521-17-5, was saved for further study. For the same reason only one 
strain derived from L. arabinosus 376-15 was retained. It was designated 
L. arabinosus 521-376-15. 


RESULTS AND DISCUSSION 


L. arabinosus 376-15—The response of this strain to L-aspartic acid in 
Medium D is compared in Fig. 1 with that of the wild type strain 17-5. 
The considerably increased resistance to L-aspartic acid under these con- 
ditions is apparent. a-Methyl-pi-glutamic acid® was nearly as effective 
an inhibitor in Medium D as was L-aspartic acid, and it may be seen (Fig. 
2) that the resistance of strain 376-15 to this inhibitor was also considerably 
greater than that of the parent strain. Likewise, the resistance of strain 


* Agar plate cultures were incubated in an atmosphere of carbon dioxide since 
this procedure yielded better colony growth than incubation in air. 

5 The authors are indebted to Dr. Karl Pfister of Merck and Company, Inc., for 
a generous supply of this product. 
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376-15 in Medium D to L-asparagine, a relatively feeble inhibitor, was 
greater than that of strain 17-5 (Fig. 3). The same relationship held also 
with pt-methionine sulfoxide, previously described (18) (data not shown), 
which under the present conditions was an even less effective inhibitor than 
L-asparagine.® Much higher concentrations of L-aspartic acid were re- 
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Fig. 1. Response of strain 17-5 (Curves A, A’, A”) and strain 376-15 (Curves B, 
B’, B”) to L-aspartic acid (inhibitor) in Medium D after 2 days (Curves A, B), 4 days 
(Curves A’, B’), and 6 days (Curves A”, B”) incubation. The values on the hori- 
zontal scale are the concentrations of inhibitor as mg. per cent. Those on the verti- 
cal scale are the titration values (ml. of 0.01 N sodium hydroxide per ml. of culture), 

Fig. 2. Same as Fig. 1, except that the inhibitor is a-methyl-pL-glutamie acid. 
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Fic. 3. Same as Fig. 1, except that the inhibitor is natural asparagine. 

Fic. 4. Same as Fig. 1, except that the response to L-aspartic acid was determined 
in Medium L. 6 day responses, corresponding to Curves A” and B” in Fig. 1, were 
not determined. 


Fig. 3 


quired to effect the inhibition of these strains in Medium L than in Medium 
D, and it may be seen (Fig. 4) that the resistance of strain 376-15 to L- 
aspartic acid was only slightly greater than that of strain 17-5 in Medium 
L. With prolonged incubation under these conditions, however, good 
growth of either strain resulted (Curves A’, B’, Fig. 4), presumably through 


6 The relatively high inoculum concentration and prolonged incubation time 
iargely account for the impotence of methionine sulfoxide in the present experiments 
as contrasted with those of Borek et al. (9). 
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the spontaneous appearance of new strains of which representative types 
(strains 521-17-5 and 521-376-15) are described in a later section. 

The increased resistance of strain 376-15 to L-aspartic acid (Fig. 1) and 
other glutamic acid antimetabolites (Figs. 2 and 3) appears to be perma- 
nent, since no change in these properties has been observed over a 14 year 
period during which strain 376-15 has been serially subcultured at 3 week 
intervals in yeast dextrose agar. In all respects other than that of aspartic 
acid resistance, L. arabinosus strain 376-15 has appeared to be identical 
with strain 17-5. 

Strains 521-17-5 and 521-3876-15—These strains responded to L-aspartic 
acid in Medium D in a similar manner to the strains (17-5 and 376-15, 
respectively) from which they were derived (Fig. 5), but, unlike the parent 
strains, they appeared to be entirely resistant to L-aspartic acid in Me- 
dium L (Fig. 6). Aside from the differences in common with their respec- 
tive parent strains in Medium D (Fig. 5), the two new strains differed in 
the following important respects. (a) Strain 521-376-15 produced a floc- 
culent growth in liquid media, whereas strain 521-17-5 produced a uniform 
turbidity indistinguishable from that produced by either strain 17-5 or 
376-15. All four strains possessed identical morphology of individual cells, 
but the cells of strain 521-376-15 were linked into long intertwining chains, 
whereas those of the other three strains occurred predominantly as either 
isolated cells or very short chains. (b) Strain 521-376-15 was stable to ten 
serial subcultures in yeast dextrose agar, whereas strain 521-17-5 lost its 
resistance to aspartic acid after a corresponding series of subcultures. (c) 
The response curve of strain 521-17-5 with L-aspartic acid in Medium L 
tended to be U-shaped in repeated experiments (one set of data shown in 
Fig. 6), whereas the corresponding curve with strain 521-376-15 was essen- 
tially a horizontal line (Fig. 6). 

The somewhat U-shaped response of strain 521-17-5 to L-aspartic acid 
in Medium L (Curve a, Fig. 6) is probably correlated with the instability 
of this strain and is probably a result of the presence of non-resistant, to- 
gether with resistant, cells in the inoculum. Analogous U-shaped responses 
of a histidineless Escherichia coli mutant to histidine have been explained 
in detail by Ryan and Schneider (19)? on the basis of mutual interference 
between the histidineless strain and its histidine-independent derivatives. 
Experiments were not carried out to confirm the suspected relationship 
between strain 521-17-5 and its non-resistant counterpart, but an analo- 
gous investigation of strain 376-15 showed that its development in Medium 
D supplemented with 20 mg. per cent of L-aspartic acid is markedly im- 

7It is of interest that U-shaped histidine response curves observed earlier with 


Lactobacillus fermenti (20) were essentially the same as those described by Ryan and 
Schneider. Analogous threonine responses with L. fermenti were also observed (20). 
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paired by the presence of cells of its non-resistant parent, strain 17-5 (Fig. 


7), and it was established that this effect resulted from acidity developed 
(to pH values below 4.9) in the medium through glycolytic activity of the 
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Fig. 5. Response of strains 17-5 (Curve A), 521-17-5 (Curve a), 376-15 (Curve B), 
and 521-376-15 (Curve b) to L-aspartic acid in Medium D with 40 hours incubation. 
The coordinates are as in Fig. 1. 

Fig. 6. Same as Fig. 5, except with Medium L and 20 hours incubation. The 
broken line denotes a change in scale at 100 mg. per cent of L-aspartic acid. 
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Fia. 7. 3 day acid production (values on the vertical scale) of strain 376-15 (Curve 
A) in Medium D supplemented with 20 mg. per cent of L-aspartic acid and with 
varying numbers of cells of strain 17-5 per ml. (Logs of these numbers are shown 
on the horizontal scale.) The initial numbers of strain 376-15 cells were 10° per ml. 
The acidity produced by the glycolytic action of the non-growing strain 17-5 cells 
alone is shown in Curve B. This acidity was subtracted from the total acidity of 
the mixed cultures to obtain the values plotted in Curve A. 

Fig. 8. 3 day response of strain 17-5 to L-aspartic acid in Medium D, adjusted 
before autoclaving to the pH values indicated on the curves. The titration values 
have been corrected by subtracting the corresponding values for the uninoculated 
media (pH 4.5, 8.26; pH 5.0, 5.27; pH 5.5, 2.80; pH 6.0, 1.37; pH 6.5, 0.68). Otherwise 
the coordinates are the same as in Fig. 1. 


non-proliferating cells of strain 17-5. The effects of reduced pH on sensi- 
tivity of strains 17-5 and 376-15 to L-aspartic acid in Medium D are pre- 
sented in Figs. 8 and 9, respectively. The results at pH values between 
6.5 and 8.0 were excluded from Figs. 8 and 9 to avoid crowding, but it was 
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observed that L-aspartic acid sensitivity of either strain increased with in- 
creasing pH above 6.5. With strain 17-5 the L-aspartic acid response 
curves at pH 7.0, 7.5, and 8.0 fell between those at pH 5.5 and 5.0 in Fig. 8. 
The corresponding curves at pH 7.0 and 7.5 for strain 376-15 fell slightly 
below those at pH 6.5 and 6.0, respectively, in Fig. 9, while the curve at 
pH 8.0 was nearly superimposable on that at pH 5.0 (Fig. 9). These pH 
effects were comparatively small in the range from pH 6.0 to 7.0, and ap- 
pear, therefore, to be distinct from those concerned in the inhibition of 
t-glutamic acid utilization. Ayengar et al. (8), for example, employing a 
medium containing 100 mg. per cent of aspartic acid, observed that shifting 
the pH from 6.0 to 7.0 resulted in a marked, frequently complete depression 
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Fig. 9. Same as Fig. 8, except with strain 376-15. 

Fic. 10. 42 hour response of L. arabinosus 17-5 to L-aspartic acid in the basal medium 
containing the following supplements: Curve A, 2 mg. per cent of L-glutamine, Curve 
A’, 4 mg. per cent of L-glutamine, Curve B, 4 mg. per cent of L-glutamic acid, Curve 
B’, 2 mg. per cent of L-glutamie acid plus 2 mg. per cent of L-glutamine, Curve C, 
4 mg. per cent of p-glutamic acid, Curve C’, 2 mg. per cent of p-glutamic acid plus 
2 mg. per cent of L-glutamine. The coordinates are the same as in Fig. 1. 


of the response of L. arabinosus to L-glutamic acid, and Borek and Waelsch 
(11) showed that the marked inhibitions of L-glutamiec acid utilization, in 
aspartic acid-containing media, by either oxalacetate or its spontaneous 
decomposition product, bicarbonate, were due to the mild alkalizing prop- 
erties of the latter substance. 

A further important distinction between the aspartic acid-inhibited 
system involved in p-glutamic acid utilization and that involved in L-glu- 
tamie acid utilization is revealed by the relationships shown in Fig. 10. 
It may be seen that, whereas the utilization of L-glutamic acid in an equal 
mixture with L-glutamine (2 mg. per cent each) was not inhibited by L- 
aspartic acid (Curve B’, Fig. 10), the utilization of L-glutamie acid alone 
was completely inhibited (Curve B, Fig. 10). The utilization, however, of 
D-glutamic acid in an equal mixture with L-glutamine (2 mg. per cent of 
each) was apparently completely inhibited by L-aspartic acid, since with 
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excess inhibitor the response of L. arabinosus to the mixture (Curve C’, 
Fig. 10) was the same as that to 2 mg. per cent of L-glutamine alone (Curve 
A, Fig. 10). Moreover, t-glutamie acid in moderate concentrations (2 to 
8 mg. per cent) markedly stimulated the response of L. arabinosus to 1- 
glutamine in the basal medium supplemented with a large excess (1 per 
cent) of L-aspartic acid (Fig. 11), whereas p-glutamie acid, under compa- 
rable conditions, was without effect. These results suggest, as has been 
proposed previously, that the amidation of L-glutamic acid is blocked by 
excess inhibitor, and further that the requirement of L. arabinosus 17-5 for 
L-glutamine is quantitatively much smaller than for L-glutamic acid, so 
that, when even very small amounts of L-glutamine are supplied in the 


Fic. 11. 20 hour response of L. arabinosus 17-5 to L-glutamine in the basal me- 
dium, supplemented with 1 per cent L-aspartic acid and the indicated (0, 2, 4, 6, and 
8) mg. per cent of L-glutamic acid. The values on the horizontal scale are the micro- 
grams of L-glutamine per ml. of medium. Otherwise, the coordinates are the same 
as in Fig. 1. 


medium (Fig. 11), the inhibited reaction is no longer epurces for the utili- 
zation of L-glutamic acid. 

p-Glutamic acid utilization, on the other hand, may emai be com- 
pletely inhibited by L-aspartic acid even in the presence of either L-gluta- 
mine (Fig. 10) or t-glutamic acid (15), suggesting that the inhibition in 
this case affects either the penetration of p-glutamic acid into the cell or 
its conversion to L-glutamic acid. The alternative appears unlikely, how- 
ever, from the following evidence. First, the glutamic racemase activity 
of L. arabinosus cell preparations (21, 22), through which L-glutamic acid 
may be formed from p-glutamic acid, is not inhibited by aspartic acid (22). 
Second, L. arabinosus 17-5 cells harvested from Medium L with and without 
a supplement of 20 mg. per cent of L-aspartic acid, hydrolyzed, and assayed 


8 A stimulation of L-glutamine response by p-glutamic acid in medium containing 
only 100 mg. per cent of aspartic acid has been reported by Ayengar et al. (8), but the 
p-glutamic acid concentrations employed by these authors were necessarily much 
higher than the t-glutamic acid concentrations used in the present experiments 
(Fig. 11). 
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microbiologically (14) for L- and p-glutamic acids, were found in the present 
experiments to contain identical proportions (60 per cent L- and 40 per cent 
p-) of the two enantiomorphs. It may be concluded from the latter exper- 
iment that the racemization of L-glutamic acid to yield p-glutamiec acid in 
growing cells of L. arabinosus 17-5 is not significantly inhibited by an 
amount of L-aspartic acid (20 mg. per cent) sufficient to block completely 
the utilization of p-glutamic acid by this microorganism (Fig. 1). It is 
concluded, therefore, that L-aspartic acid inhibits p-glutamiec acid utiliza- 
tion in L. arabinosus by blocking the penetration of this nutrient into the 
bacterial cell, whereas L-glutamic acid utilization is evidently inhibited 
through a blocking of the amidation of this acid. (The inhibition by as- 
partic acid of L-glutamic acid uptake in Staphylococcus aureus (23) appears 
to be a related phenomenon.) 

Other differences between the two aspartic acid-inhibited systems are 
also in evidence. The gene governing the system involved in p-glutamic 
acid utilization is apparently very stable, since strains (comparable to L. 
arabinosus 376-15) evidencing a mutation in this gene developed from 
strain 17-5 only under carefully controlled selective conditions. On the 
other hand, the gene correspondingly involved in L-glutamie acid utilization 
is apparently highly mutable, since strains showing alteration in this gene 
invariably appeared when either L. arabinosus 17-5 or L. arabinosus 376-15 
was incubated in Medium L supplemented with inhibitory concentrations 
of L-aspartic acid. It is of interest that strain 376-15, which is mutated 
in respect to p-glutamic acid utilization, also shows some increase in re- 
sistance to inhibition of L-glutamic acid utilization (Fig. 4), suggesting 
that this strain might actually be a double, rather than a single, mutant. 
Continuous growth in the turbidostatic selector under the conditions which 
led to the isolation of strain 376-15 could easily have favored the selection 
of a double mutant, and the second mutated gene, though apparently of 
minor consequence in strain 376-15, might account for the interesting 
characteristics observed in strain 521-376-15, a derivative of strain 376-15, 
but not in strain 521-17-5, a derivative of strain 17-5.° 

The high degree of cross resistance of aspartic acid-resistant strain 376-15 
to a-methyl-pL-glutamic acid (Fig. 2), L-asparagine (Fig. 3), and pL-methi- 
onine sulfoxide appears to be worthy of comment. It has been suggested!° 
that in L. arabinosus 376-15 the reactive sites of p-glutamic acid penetration 
may, through mutation, have become more specific for this nutrient, and 
hence less reactive not only with L-aspartic acid but also with other glu- 


*The characteristics referred to are the stability of strain 521-376-15, but not 
strain 521-17-5, to serial subculturing in yeast dextrose agar and the flocculent growth 
of strain 521-376-15 in liquid media contrasted to the homogeneous growth of the 
other strains under the same conditions. 

'0 Private communication from Dr. D. E. Atkinson of this department. 
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tamic acid antimetabolites. Tests for cross resistance in strains 521-17-5 
and 521-376-15 were not carried out. 

The present experimental results have led to a proposed scheme, outlined 
in Scheme 1, for the utilization of L- and p-glutamic acids and L-glutamine" 


Extracellular Intracellular 
p-Glutamic acid > p-glutamie acid + |p-glutamic acid 
(b) || racemization residues 
L-Glutamic acid — .-glutamic acid — |L-glutamic acid 
T residues 
ami- 
Cell wall ——=> (d) drol- (c) dation 
ysis 
L-Glutamine > L-glutamine |u-glutamine res- 
idues 


Protein or other 
essential com- 


plex protoplas- 
mic constitu- 
ent 


ScHEME 1. Scheme of t-glutamine and L- and p-glutamie acid utilization by L. 
arabinosus. 


by L. arabinosus. ‘The first step in the utilization of these substances is 
pictured as penetration of the cell wall, since p-glutamie acid utilization 
may apparently be inhibited at this point (Scheme 1, a). All three com- 
pounds are considered to be essential intracellular metabolites, even though 
L-glutamine has proved to be an adequate nutrient even in the absence 
(extracellularly) of L- and p-glutamic acids under all conditions thus far 
tested. p-Glutamic acid is considered to be an essential metabolite for the 
following reasons. (a) Ample proportions of p-glutamic acid are appar- 
ently invariably present in hydrolysates of L. arabinosus cells, as shown 
both in the present experiments and in those of earlier investigations (13, 
14). (b) Combinations of p-glutamic acid with either L-glutamic acid (3, 
6) or L-glutamine (8) (Curve C’, Fig. 10) promote better growth of L. arabi- 
nosus in inhibitor-free media than the same total amounts of either L-glu- 
tamic acid or L-glutamine alone. 1.-Glutamic acid is considered to be an 
essential metabolite because in its absence in the basal medium, supple- 
mented with 1 per cent L-aspartic acid, the amount of L-glutamine required 
to produce half maximal response is increased approximately 30-fold (Fig. 
11), and the extra supply of L-glutamine is apparently needed, under these 
conditions, to form the essential L-glutamic acid. The intracellular inter- 


11 p-Glutamine is excluded because it apparently is not utilizable by L. arabinosus 
(unpublished data by Mr. Albert Lepp of this department with the present authors). 
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conversions of the three essential metabolites become essential when one 
or two of the three are lacking from the external environment. These in- 
terconversions are represented in the proposed scheme as racemization 
(Scheme 1, 6) of either L- or p-glutamic acid to yield the opposite enantio- 
morph, amidation (c) of L-glutamic acid to yield L-glutamine, and hydroly- 
sis (d) of L-glutamine to yield L-glutamic acid. Of these three potentially 
inhibitable reactions, only that represented at Scheme 1, c, has been inhib- 
ited sufficiently to produce an effect on L. arabinosus growth. It is of 
considerable interest, however, that the racemase activity of acetone-dried 
cells of L. arabinosus is markedly inhibited by a-ketoglutaric acid (22), 
that the hydrolysis by S. aureus of L-glutamine to yield L-glutamic acid is 
inhibited by various y-alkylamides of glutamic acid (24), and that y-gluta- 
mylhydrazine inhibits the hydrolysis of L-glutamine by streptococcal ex- 
tracts (25). 

In Scheme 1, all three of the essential metabolites are pictured, for sim- 
plicity, as leading to the corresponding amino acid residues in a single 
essential complex protoplasmic constituent. It seems probable, however, 
that at least several such constituents are involved and that the different 
complexes contain residues of either all three or only one or two of the des- 
ignated amino acids. An interesting example of one type of complex which 
might be derived in the suggested manner from p-glutamic acid (Scheme 1) 
is the uridine 5’-pyrophosphate derivative which was isolated from S. aureus 
and shown to contain a peptide moiety composed of one p-glutamic acid, 
one L-lysine, and three alanine residues (26). 


SUMMARY 


The utilization of L- and p-glutamic acids and L-glutamine by Lactobacil- 
lus arabinosus 17-5 and by aspartic acid-resistant strains derived from this 
microorganism has been investigated. The aspartic acid-inhibited system 
involved in u-glutamie acid utilization by L. arabinosus was shown to be 
genetically and metabolically distinct from that involved in p-glutamic 
acid utilization. Reasons were given for considering both L- and p-glu- 
tamic acids as well as L-glutamine essential metabolites for L. arabinosus, 
and a scheme of the probable pathways of these metabolites was proposed. 
The requirement of L. arabinosus for L-glutamine was shown to be quanti- 
tatively much smaller than the simultaneous (metabolic) requirements of 
this microorganism for L- and p-glutamic acids. 
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FURTHER STUDIES ON THE ENZYMATIC SYNTHESIS OF 
OXALACETATE FROM PHOSPHORYLENOLPYRUVATE 
AND CARBON DIOXIDE* 


By ROBERT 8S. BANDURSKIt 


(From the Kerckhoff Laboratories of Biology, California Institute of Technology, 
Pasadena, California, the Biochemical Research Laboratory, Massachusetts 
General Hospital, and the Department of Biological Chemistry, 
Harvard Medical School, Boston, Massachusetts) 


(Received for publication, January 10, 1955) 


In previous communications (1, 2) it has been shown that an enzyme 
preparation from spinach leaves catalyzes the carboxylation of PEP! to 
yield OA and inorganic phosphate. For these initial studies C"-labeled 
carbon dioxide was employed to facilitate characterization of the reaction 
product and to permit measurement of the small amounts of OA formed. 
As will be described in the present communication, a partial purification 
of the enzyme together with the use of more nearly optimal conditions for 
enzyme activity has increased the amount of OA formed so as to permit 
its determination by chemical rather than isotopic methods. The present 
communication deals also with the cofactor requirements of the enzyme 
and the relationship of this enzyme to other 6-carboxylases. 


Materials and Methods 


Reagents and solutions were prepared as described previously (2). OA 
of 99 per cent purity and a portion of the PEP used were obtained from 
the California Foundation for Biochemical Research. Phosphate deter- 
minations were made by the method of Allen (3), Fiske and Subbarow (4), 
or Lowry and Lopez (5). PEP was determined as inorganic phosphorus 
liberated by hypoiodite (6). OA was assayed by the manometric method 


* Report of work supported in part by the Office of the Quartermaster General, 
contract No. DA-44-109-qm-710, Rubber and Plastics Section, Research and De- 
velopment Branch, Military Planning Division, and in part by a research grant from 
the National Cancer Institute, National Institutes of Health, Public Health Service. 
I wish to thank Dr. J. Bonner and Dr. F. Lipmann for their help during the course 
of this work. 

t Present address, Department of Botany and Plant Pathology, Michigan State 
College, East Lansing, Michigan. 

' The following abbreviations are used: phosphorylenolpyruvate, PEP; trichloro- 
acetic acid, TCA; reduced glutathione, GSH; tris(hydroxymethyl)aminomethane, 
Tris; oxalacetate, OA; reduced diphosphopyridine nucleotide, DPNH; adenosine 
triphosphate, ATP; adenosine diphosphate, ADP; inosine triphosphate, ITP; inosine 
diphosphate, IDP. 
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of Krebs and Eggleston (7) or by a new colorimetric method which de- 
pends upon the colored complex formed by OA and ferric ion (8). To 3 
ml. of 0.18 m TCA solution containing 0.2 to 1.5 wmoles of OA are added 
2.5 ml. of 95 per cent ethanol and 0.5 ml. of 0.006 m ferric chloride. Im- 
mediately after the contents of the tube have been mixed and after the 
gas bubbles have risen to the surface, the optical density of the solution 
is determined in the Evelyn colorimeter equipped with a 490 muy filter, 
The color fades approximately 20 per cent in 200 seconds; hence the time 
between addition of ferric ion and the density determination must be both 
short and accurately controlled. The color intensity depends upon OA, 
ferric ion concentration, acidity of the solution, and amount of alcohol 
added. Comparison of enzyme assays by this method with values ob- 
tained by the manometric method of Krebs and Eggleston agree within 
10 per cent. Experiments were customarily repeated two or more times 
with first one assay procedure and then the other. 


Results 


PEP-Carboxylase Assays—The reaction mixture consisted of 7 umoles 
of PEP, 20 umoles of GSH, 60 umoles of Tris (pH 7.5), 2 umoles of MgS0O,, 
25 umoles of NaHCO:;, and 0.1 ml. of an appropriate dilution of enzyme 
solution; total volume 1.4 ml. The reaction was usually carried out in 
stoppered centrifuge tubes flushed with 10 per cent CO.-90 per cent No». 
Incubation was for 1000 seconds at 37°. After completion of the incuba- 
tion period, the reaction was stopped by the addition of 2 ml. of 5 per cent 
TCA and the precipitated protein removed by centrifugation if necessary. 
Aliquots of the supernatant solution were then transferred directly to the 
colorimeter tubes for assay. 

An alternative assay procedure, based upon measurement of OA by 
the oxidation of DPNH in the presence of malic dehydrogenase, was used 
during some of the purification studies and as a sensitive means of testing 
for the effect of various additions to the reaction mixture. The enzyme 
preparation at the stage of purity described here is contaminated by suf- 
ficient malic dehydrogenase and hence no additional enzyme need be 
added. The reaction mixture contained PEP 1.4 umoles, Tris buffer 
(pH 7.5) 30 umoles, KHCO; 18 umoles, MgCl. 1 umole, GSH 10 umoles, 
DPNH 0.11 umole, and enzyme and water to 1 ml. The reaction mix- 
ture was saturated with 5 per cent CO,-95 per cent Ne» prior to the addi- 
tion of enzyme. Incubation was at room temperature. 

Enzyme Preparation—The enzyme was prepared by ammonium sulfate 
fractionation of an aqueous extract of an acetone powder of spinach leaves 
prepared as described by Axelrod et al. (9). 1 unit of enzyme activity is 
defined as that amount of enzyme which catalyzes the formation of 1 
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umole of OA in the assay procedure described above. The procedure in- 
volved in making a typical preparation was as follows: 100 gm. of spinach 
leaf acetone powder were extracted with 3 liters of cold distilled water 
with stirring for 1 hour. The resultant suspension was centrifuged at 
1000 X g for 10 minutes and then filtered through coarse paper. The 
filtrate, 2330 ml., contained a total of 5930 units of activity. The pH of 
the solution was then adjusted to 6.0 with m acetic acid, and 23.3 ml. of 
20 mg. per ml. of protamine sulfate, pH 5.0, were added with stirring. 
The precipitate formed after 5 minutes was removed by centrifugation 
for 5 minutes at 10,000 K g. The supernatant solution, 2140 ml., con- 
tained 6110 units of activity. To this solution were then added 1010 
gm. of solid (NH,4)2SO,, and the pH was adjusted to 7.0 with concentrated 
KOH. After 15 minutes the precipitate was collected by centrifugation 
for 5 minutes at 12,000 xk g. The precipitate was next dissolved in 250 
ml. of distilled water and dialyzed for 5 hours against four changes of 4 
liters each of 10~* m cysteine, pH 7.0. The volume of the protein solu- 
tion after dialysis was 250 ml., containing 1750 units of activity. Enzyme 
at this stage of purity (Stage I) was employed in several experiments. 
For further purification 55 gm. of solid (NH4)2SO4 were added to the solu- 
tion, and the pH was again adjusted to 7 with KOH. The precipitate 
was removed by centrifugation and discarded. To 217 ml. of the super- 
natant solution were added 13.3 gm. of (NH4)2SO,4; the resultant precipi- 
tate was collected, dissolved in water, and dialyzed as before. The vol- 
ume after dialysis was 10 ml., containing a total of 1100 enzyme units, 
Stage II. The over-all recovery based upon the activity of the first ex- 
tract was thus approximately 20 per cent, with an approximate 10-fold 
increase of specific activity based upon absorbancy at 280 my (10). At 
this stage the enzyme preparation can be stored at —20° for at least 8 
months without loss of activity. For use the enzyme was diluted 1:20 
and a 0.1 ml. aliquot employed. Diluted solutions remained stable in 
the frozen state for periods of at least 2 weeks. 

Effect of Enzyme Concentration and Time of Incubation on OA Forma- 
tion—The data from a typical experiment in which OA synthesis was 
determined as a function of enzyme concentration are given in Fig. 1. 
As can be seen, OA formation is proportional to the quantity of enzyme 
added over approximately a 10-fold range of enzyme concentration. For 
assay of the effect of various additions to the reaction mixture an enzyme 
concentration was chosen which permitted the synthesis of approximately 
0.5 umole of OA under the standard assay condition. 

The time-course of OA synthesis is established by the data of Fig. 2. 
In this experiment as well as in the experiments shown in Fig. 1, a maxi- 
mum of 1 to 1.4 uwmoles of OA was synthesized from the 6 to 7 uwmoles of 
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PEP present in the reaction mixture. By doubling the concentration of 
enzyme, 1.65 uymoles of OA were formed from 6 uwmoles of PEP, with the 
appearance of 3.2 umoles of inorganic phosphate and the disappearance of 
3.8 wmoles of PEP. The discrepancy in PEP loss and inorganic phos. 
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Fig. 1. Dependency of oxalacetate synthesis on enzyme concentration. Each 
tube contained (in micromoles) 7 of PEP, 25 of KHCO,;, 20 of MgSO,, 20 of GSH, 
of Tris; enzyme and water to 1.4 ml., pH 7.5. Incubated 1000 seconds at 37°; 10 
per cent CO2-90 per cent N2 in gas phase. Colorimetric assay. 
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Fic. 2. Time-course of oxalacetate formation. Each tube contained (in micro- 
moles) 7 of PEP, 35 of cysteine, 60 of Tris, 52 of KHCO,;, 2 of MgCl.; enzyme and 
water to 1.4 ml., pH 7.5. Incubated for the indicated time at 37°; gas phase, 10 per 
cent CO2-90 per cent Ne. Manometric assay. 
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phate appearance is due probably to enolase, which is known to be present 
in the enzyme preparation. Subsequent experiments in which 0.01 m 
KF was present in the reaction mixture gave an exact 1:1 stoichiometry 
between PEP disappearance and orthophosphate formation. The low 
recoveries of OA are due presumably to the lability of this compound in 
the reaction mixture employed. For example, incubation of 6 umoles of 
OA for 1000 seconds at 37° in the standard reaction mixture, in which 
only enzyme was omitted, resulted in the loss of 2 umoles of OA. Inter- 
estingly, only 0.7 umole of OA was lost if GSH was omitted. A more 
promising approach to the study of the stoichiometry of the reaction has 
been made by Tchen and Vennesland (11), who, by coupling the carboxy- 
lase reaction to malic dehydrogenase, were able to obtain approximately 
90 per cent yields of OA based upon PEP added. These authors report 
that the presence of DPNH does not alter the reaction rate, suggesting 
that the carboxylase equilibrium lies far over towards OA synthesis. 

Substrate and Cofactor Requirements*—The dependency of the reaction 
on the presence of its substrates and cofactors is summarized in the data 
of Tables I and II and Fig. 3. As can be seen from the data of Table I, no 
OA is synthesized if the enzyme is boiled or if PEP is omitted. An approx- 
imate measure of the affinity of the enzyme for its substrate, PEP, was 
obtained by means of the spectrophotometric assay. Kg (12) was found 
to be approximately 5 K 10-‘ m at pH 7.5. 

The solutions used in the experiments reported in Table I were prepared 
with freshly boiled distilled water. Argon was used as the gas phase in 
the CO,-free tubes and 10 per cent CO.-90 per cent Nz in the complete 
system. Despite these precautions, sufficient CO, was present to permit 
the reaction to proceed at approximately one-half the maximal rate. An 
almost complete dependency upon added HCO; could, however, be dem- 
onstrated, as is shown in Experiment II, by the expediency of acidifying 
the reaction mixture prior to use, gassing with a vigorous stream of argon, 
and then neutralizing to exactly pH 7.5 with carbonate-free base. Bicar- 
bonate and enzyme were then added to the control tube and the tube 
flushed with CO.-N»e. Enzyme was added to the CO,-free tube and the 


* Note added in proof. Tchen and Vennesland (30) have now reported on the 
properties of a phosphorylenolpyruvate carboxylase obtained from wheat germ. 
Neither the wheat carboxylase nor a spinach leaf enzyme, as prepared by these 
workers, required addition of a reducing agent for enzyme activity. That the 
wheat germ enzyme was inhibited by p-chloromercuribenzoate is, however, further 
evidence for the essentiality of sulfhydryl groups. A further point of difference 
concerns cation activation. Manganese was found as effective as magnesium for 
the wheat germ enzyme when liberation of inorganic phosphorus was used as a 
measure of enzyme activity. The ineffectiveness of manganese observed in the pres- 
ent work may be due to the very rapid catalysis of oxalacetate decarboxylation by 
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tube flushed with argon. Under these more rigid conditions of exclu- 
sion of CO», the reaction rate was reduced to 18 per cent of that of the 
control tube. 

The dependency of the reaction upon Mg** is illustrated in Table I and 
Fig. 3. The optimal concentration is Manganese sulfate at 
gave a barely significant stimulation and inhibited strongly at 10°? m. 

Glutathione was found to increase the reaction rate markedly when en- 
zyme of purity Stage I was employed. That enzyme of purity Stage I] 
exhibits an absolute requirement for a reducing agent is apparent from the 
data of Tables I and II. Glutathione and cysteine are equally effective: 


Tas.e 
Substrate and Cofactor Requirements of PEP Carbozylase 


Experiment No. Oxalacetate 

pmoles 

I Complete system 1.28 
Boiled enzyme 0 
No PEP 0 

* HCO; 0.60 

Mag** 0.04 

NaBH, 0.03 

Il Complete system 1.05 

No HCO, 0.19 

0.20 


The complete system contains (in micromoles) PEP 7, KHCO, 52, Tris 60, MgSO, 
2, NaBH, 5, or (Experiment II) cysteine 20, and enzyme and water to 1.4 ml. Gas 
phase, 10 per cent CO:-90 per cent N», except for argon gas phase in ‘“‘no HCO,” 
tubes. Incubated 1000 seconds at 37°. OA assayed manometrically. 


thioglycolate somewhat less so. In subsequent experiments H,S was also 
found to be effective. Since the enzyme is activated by either sulfhydry! 
compounds or by borohydride, it would appear that the enzyme contains 
essential sulfhydryl groups. 

As reported previously (2), the addition of ADP to the reaction mixture 
had no or possibly a slightly inhibitory effect on the reaction. For these 
experiments 2 uymoles of ADP, 10 uwmoles of glucose, and yeast hexokinase 
were added to a reaction mixture as described for Table I. Incubation 
was for 1000 seconds. In the control tube containing glucose and hexo- 
kinase but no ADP, 0.96 umole of OA was formed. In the tube contain- 
ing added ADP, 0.67 umole of OA was formed. Treatment of the enzyme 
with Dowex 50 (0.5 gm. of Dowex per ml. of enzyme), according to the 
procedure of Stadtman et al. (13), caused an approximate 20 per cent in- 
crease of enzyme activity. 
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pH Optimum—The relationship between enzyme activity and Ht ion 
concentration is summarized in Fig. 4. There is a broad maximum over 
the interval pH 7.5 to 9.5. In this experiment the substrate was first ad- 
justed to the desired pH and then further buffered at that point by the 
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Fic. 3. Effect of magnesium concentration on oxalacetate formation. Conditions 
as for Fig. 1, except for the concentration of MgCl:. Colorimetric assay. 
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Taste Il 
Effect of Sulfhydryl Compounds on PEP Carborylase 
Additions Oxalacetate 

pmoles 
Glutathione, 20 pmoles..................... 0.95 


Conditions as for Fig. 1, except that 2 umoles of MgCl. were used. 


addition of the amount of potassium bicarbonate calculated to be required 
to maintain that pH in the presence of a 10 per cent CO, gas phase. To 
attain a pH below 6 or above 8, HCl or KOH was added to a substrate 
solution saturated with the CO.-N; gas mixture. Since both H* con- 
centration and HCO; concentration are being varied simultaneously, it 
is possible that the observed optimum is only an apparent one. 
Reversibility—The experiments reported above as well as those discussed 
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in previous communications concerning this enzyme (1, 2) have dealt 
with the synthesis of OA from PEP and COs, as formulated in Equation 1. 


(1) PEP + CO, ed OA + ro,” 


The question of the reversibility of the reaction has arisen, particularly in 
view of the demonstration by Utter and Kurahashi (14) of an OA carboxyl- 
ase’® from fowl liver which catalyzes the reaction shown in Equation 2. 


(2) OA + ATP (or ITP) —* PEP + ADP (or IDP) + CO, 


As seen from Equation 2, C“O, can be exchanged into the 8-carboxy! of 
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pH 
Fic. 4. PEP carboxylase activity as a function of hydrogen ion concentration. 
Conditions as for Fig. 1, except for the addition of 0.4 ml. of 0.03 mM Veronal-0.04 » 
acetate buffer at the indicated pH. 1 to 70 wmoles of KHCO, were added for equi- 
librium with the 10 per cent CO.2-90 per cent N» gas phase. Colorimetric assay. 


OA in the presence of the appropriate triphosphonucleoside. Despite our 
previous finding that ADP was not required for the synthesis of OA from 
PEP by the spinach enzyme preparation (see above and (2)), nevertheless 
it was of interest to determine whether either the CO, exchange reaction 
or a net synthesis of PEP from OA could be catalyzed by the spinach PEP 
carboxylase preparation. 


3 A clarification of the nomenclature of the several known carboxylases involving 
oxalacetic acid must await their more detailed characterization. For the purposes 
of the present communication the name phosphorylenolpyruvate carboxylase will be 
used for the non-nucleotide-requiring enzyme (Equation 1) and the name oxalacetic 
carboxylase for the nucleotide-requiring carboxylase (Equation 2) as described by 
Utter and Kurahashi. 
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The enzyme at the stage of purity here employed will not catalyze the 
formation of PEP from OA and ATP or ITP. For example, incubation 
of the spinach enzyme for 20 minutes at 37° with 1.7 uwmoles of GSH, 25 
ymoles of Tris, 5 umoles of OA, 6.7 umoles of ITP, and 3 umoles of MgCle, 
water to 0.25 ml., pH 7.5, resulted in the liberation of 0.9 umole of inor- 
ganic phosphate. No PEP accumulated. The presence of OA did not 
increase the rate of formation of inorganic phosphate from ITP as might 
be expected if both the PEP carboxylase reaction (Equation 1) and the OA 
carboxylase reaction (Equation 2) were operative. Under similar condi- 
tions and with but 3.3 wmoles of ITP, a partially purified preparation of 
OA carboxylase from lamb liver mitochondria catalyzed the formation 
of 2 umoles of PEP. 

Despite the failure to obtain a net synthesis of PEP from OA, it never- 
theless was desirable to test the enzyme preparation for its ability to incor- 
porate CO» into unlabeled OA. Although the C“O, exchange was origi- 
nally used to test for the Wood-Werkman reaction prior to the realiza- 
tion that PEP was involved (15), it does in fact provide a sensitive means 
of measuring PEP formation from OA. Such exchange experiments have 
already been reported by Tchen and Vennesland (11). These workers 
found that crude wheat germ extracts catalyze both the ATP-dependent 
incorporation of CO, into OA and the condensation of CO, and PEP to 
form OA and inorganic phosphate. Following ammonium sulfate frac- 
tionation, the ability of the enzyme to catalyze the ATP-dependent ex- 
change reaction was lost and only the condensation enzyme remained. 
We have obtained results similar to those of Tchen and Vennesland and 
have in addition extended their experiments to include the effect of ITP 
on the exchange reaction. ITP was included in these experiments, since 
it was found (16) that a preparation of OA carboxylase obtained from 
lamb liver mitochondria was completely dependent upon ITP, pure ATP 
being inactive as a phosphate donor in the formation of PEP from OA. 

As shown by the data of Table III, the spinach carboxylase will not in- 
corporate C“QO, into OA in the presence of ITP, ATP, or inorganic phos- 
phate. That the enzyme is, however, active is shown by the synthesis of 
labeled OA from PEP and C“O,. There is an apparent inhibition of OA 
synthesis in those experiments in which carrier-unlabeled OA was added. 
This inhibition is due possibly to a dilution of the added C™"O, by unla- 
beled COs, since 25 to 40 per cent of the added OA was decarboxylated, or, 
alternatively, it would appear that OA is inhibitory to the PEP carboxy]- 
aseenzyme. Results obtained with a purified preparation of OA carboxyl- 
ase from lamb liver mitochondria are included as a further control. As 
can be seen, the lamb liver enzyme will incorporate C“O, into OA in the 
presence of ITP, but will not form OA from PEP in the absence of added 


dealt 
tt) 
ly in 
m 2. 
vi of 


146 PHOSPHORYLENOLPYRUVATE CARBOXYLASE 


nucleotide (14). The PEP carboxylase of spinach can thus be distip. 
guished from the OA carboxylase of liver by its ability to form OA from 
PEP in the absence of added nucleotide and its inability to incorporate 
CO, into unlabeled OA even in the presence of added nucleotide. 
Reaction Products and Mechanism—Characterization of the reaction prod. 
uct as OA by the isolation of the crystalline 2,4-dinitrophenylhydrazone 
has been described previously. In addition, during the course of the pres. 
ent work, the enzyme was found to provide a convenient means of syn. 
thesis of 6-carboxyl-labeled OA. Aliquots of the acidified reaction mix. 


TaBLeE III 


Differentiation of PEP Carborylase and OA Carborylase on Basis of 
Exchange into Oxralacetate 


Observed c.p.m. in oxalacetate hydrazone 
Additions Enzyme 
Experiment A Experiment B 

OA ITP Spinach 3.8 1.6 
2 ATP = 5.0 3.3 
PO, 5.0 5.1 
PEP 70.0 74.0 
400 .0 501.0 

OA ITP Liver 206 .0 504.0 
PEP 4.4 2.7 


Each tube contained Tris 30 umoles, MgCl, 1 umole, GSH 1 umole, KF 10 umoles, 
K2C'!*O; 16,000 counts; enzyme and water to1.0ml. Incubation was for 20 minutes 
at 37°. Other additions, where indicated, OA 10 uwmoles, ITP 10 wmoles, ATP 10 
umoles, PO,= 10 umoles, PEP 3.75umoles. The reaction was stopped by the addition 
of 10 mg. of oxalacetic acid and 9 ml. of a saturated solution of 2,4-dinitrophenyl- 
hydrazine in 2 N HCl. The yields of hydrazone ranged between 18 and 23.6 mg; | q 
theory, 23.6 mg. All samples were counted as infinitely thick layers in a 0.785 sq. L 
cm. planchet. 


ture containing approximately 5000 c.p.m. were chromatographed in aque- p 
ous methanol-formic acid (17). Radioautography of the chromatogram t 
for a sufficiently long period to detect as little as 50 ¢.p.m. per sq. em. (7 | ™ 
days) showed only one spot at R, 0.73 coincident with authentic OA. a 
Thus, radioactive contaminants, if present, are not present in amounts I 
exceeding 3 to 4 per cent of the OA formed. OA, together with ad- la 
ditional carrier, can be conveniently recovered from acidified reaction | ™ 
mixtures by three extractions with equal volumes of isobutanol, distil- wl 
lation to dryness at 10°, and crystallization of the dried residue from |” 
acetone-petroleum ether. The product is labeled solely in the 6-carboxyl, ” 
as can be shown by the complete loss of radioactivity upon heating ic 
aqueous solutions to 100°. nt 
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Certain preliminary observations were at first interpreted as indicating 
the formation of a phosphorylated derivative of OA. It now seems prob- 
able that the product isolated was a complex between glutathione and OA. 
The complex may be obtained by lyophilization of the acidified reaction 
mixture or by precipitation of the barium salt with 80 per cent alcohol. 
Paper chromatography in methanol-formic acid (17) and radioautography 
of aliquots of such preparations disclosed two radioactive substances with 
R, values of 0.73 and 0.27. The substance at Ry 0.73 coincided with au- 
thentic OA. The substance at Ry 0.27 gives a characteristic blue color 
with the molybdate reagent of Hanes and Isherwood (18), but gives, in 
addition, a positive sulfhydryl test with the reagent of Toennies and Kolb 
(19). By spraying the substance at Ry 0.27 with a saturated solution of 
2,4-dinitrophenylhydrazine in 2 N HCl and elution with ethanol, a hydra- 
zone is Obtained which, when chromatographed ascendingly in a 1:1 mix- 
ture of saturated ammonium carbonate and 1.5 m NH,OH on Whatman 
No. 1, moved with Ry, values of 0.21 and 0.50. Authentic OA 2,4-dini- 
trophenylhydrazone also separates into two components, with Ry values of 
0.21 and 0.50 (20). The complex is further characterized by its extreme 
lability, losing over 50 per cent of its radioactivity in 12 hours at —20° on 
the dry chromatogram. If borohydride is substituted for glutathione in 
the original reaction mixture, no compounds other than OA can be de- 
tected on the chromatogram. This finding together with the positive sulf- 
hydryl test given by the unknown substance suggests that it is a complex 
between OA and GSH. The possibility that an acyl phosphate is formed 
seems to be excluded by the failure to find a hydroxamic acid after treat- 
ment of an incubation mixture with hydroxylamine under the conditions 
of Lipmann and Tuttle (21). Determination of inorganic phosphate liber- 
ation throughout the course of the reaction by the method of Lowry and 
Lopez (5) gave results in excellent agreement with phosphate determina- 
tions by the method of Allen (3) or Fiske and Subbarow (4). Since acyl 
phosphates, such as acetyl phosphate, are hydrolyzed only slowly under 
the mild conditions of the Lowry-Lopez test, this is further evidence 
against the formation of an acyl phosphate. Evidence against the forma- 
tion of phosphorylenoloxalacetate has been obtained by Vennesland, 
Tchen, and Loewus (22). On the basis of experiments with deuterium- 
labeled water, these workers were able to show that the carboxylation 
product resulting from the action of a PEP carboxylase preparation from 
wheat germ was the keto form of OA. These results are interpreted as 
indicating that an enol form of OA, or a derivative of an enol form, is not 
an intermediate in the reaction sequence. 

An alternative to the formation of phosphooxalacetate would be a reae- 
tion between PEP and enzyme to form a pyruvyl enzyme complex and 
inorganic phosphate. This possibility was explored with both P*-la- 
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beled orthophosphate and arsenate. Arsenate at a final concentration 
of 0.02 m did not increase the rate of inorganic phosphate formation from 
PEP in the presence or absence of added HCO;-. Experiments in which 
approximately 1 umole of P*-labeled orthophosphate containing 3 x 105 
¢c.p.m. was incubated in a standard reaction mixture until 85 per cent of 
the added PEP was carboxylated showed no detectable radioactivity in 
the remaining PEP after addition of carrier and reisolation. The failure of 
the enzyme to arsenolyze PEP or to catalyze an exchange between P®. 
labeled orthophosphate and PEP phosphate is evidence against any se- 
quence involving the reversible formation of pyruvyl enzyme and ortho- 
phosphate, although an essentially irreversible formation of pyruvy! 
enzyme is of course not excluded. 


DISCUSSION 


That the tissues of many higher plants can form organic acids at the 
expense of carbohydrate reserves has been known for many years (23). 
More recently, it has been shown that acid accumulation, at least in the 
particular case of such plants as Bryophyllum, is dependent upon the con- 
centration of CO, in the gas phase (24). Low concentrations of COxs, ap- 
proximately 0.1 per cent, serve to saturate the process. A relationship 
between organic acid synthesis from carbohydrate and CO, fixation is thus 
strongly suggested. The forward operation of the Krebs cycle now known 
to be operative in the tissues of many higher plants (25-27) will not of it- 
self permit the accumulation of any member of the cycle. Further, simple 
reversal of the cycle permits only the accumulation of acetate and its con- 
densation products or of pyruvate. Carboxylation of pyruvate or of PEP 
will permit a net synthesis of dicarboxylic acids, and, if coupled with the 
reactions of the tricarboxylic acid cycle, will permit the accumulation of 
any member of the cycle. Three such carboxylases are now known to be 
present in the tissues of higher plants. The ‘‘malic enzyme,” which cata- 
lyzes the reductive carboxylation of pyruvate to malate, was first described 
by Ochoa et al. (28) and has been shown to be present in the tissues of 
higher plants (29). OA carboxylase which catalyzes the equilibrium be- 
tween OA and ATP (or ITP) with PEP, ADP (or IDP), and CO, as de- 
scribed by Utter and Kurahashi (14), has also been shown to be present in 
higher plants (11). The third B-carboxylase, which is the subject matter 
of this communication, catalyzes the carboxylation of PEP to form OA and 
orthophosphate. This enzyme, here called PEP carboxylase, will not sig- 
nificantly incorporate CQO, into OA in the presence of ATP, ITP, or or- 
thophosphate, nor is PEP synthesized from OA and ATP or ITP. It thus 
is distinct from the OA carboxylase of liver and wheat germ. The pres- 
ence of this enzyme in the tissue of a higher plant together with its favor- 
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able equilibrium for dicarboxylic acid synthesis suggests a réle for the en- 
zyme in the process of dicarboxylic acid accumulation by plant tissue. 


SUMMARY 


The isolation and partial purification of phosphorylenolpyruvate car- 
boxylase from spinach leaf tissue is described. This enzyme, in the pres- 
ence of its two substrates, phosphorylenolpyruvate and COs, catalyzes the 
formation of oxalacetate, with the liberation of orthophosphate. Mag- 
nesium ion and a reducing agent such as glutathione or borohydride are 
required for enzyme activity. ‘Two procedures for the assay of the enzyme 
are described, one based upon a new colorimetric determination of OA and 
the other upon the measurement of OA by the oxidation of reduced di- 
phosphopyridine nucleotide, which occurs in the presence of malic dehy- 
drogenase. In contrast to OA carboxylases described previously, the en- 
zyme catalyzes the formation of oxalacetate from phosphorylenolpyruvate 
in the absence of added nucleotides. It does not catalyze the formation 
of measurable amounts of PEP from OA and inosine triphosphate or an 
appreciable incorporation of C™QO, into the 6-carboxy] of oxalacetate in the 
presence of orthophosphate or inosine or adenosine triphosphate. 
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CRYSTALLINE PAPAIN 


V. CYSTEIC ACID AND CYSTEIC ACID PEPTIDES FROM 
OXIDIZED PAPAIN* 
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of Utah College of Medicine, Salt Lake City, Utah) 
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In an earlier study (1) of the amino acid composition of papain, it was 
assumed that all of the sulfur could be attributed to cysteine and cystine 
since methionine is absent from this protein. However, because of the 
sulfhydry! nature of this enzyme, the content of these amino acids is of 
some importance; we have used the method of Schram, Moore, and Big- 
wood (2) for this estimation. The results indicate that 6 of the 8 sulfur 
atoms of this protein are present as cysteine or cystine; 2 sulfur atoms are 
present in an unidentified form. 

The importance of the cysteine residues has also prompted a study of 
partial hydrolysates of oxidized papain. A number of peptides containing 
cysteic acid have been isolated and identified. 


EXPERIMENTAL 


Oxidation of Papain and Mercuripapain—For the determination of cys- 
teic acid, twice recrystallized papain or mercuripapain was dried with ace- 
tone and ether (1) and oxidized in preformed performic acid essentially by 
the method of Schram, Moore, and Bigwood (2). The oxidation was 
carried out at room temperature, as well as at —10° to —15°, and for vary- 
ing periods of time. Residual performic acid was removed either by re- 
peated concentration im vacuo at 40° or by drying twice from the frozen 
state. 

The oxidized papain is a light brown powder which is virtually insoluble 
except at extreme pH values. When it was treated with fluorodinitroben- 
zene (F DNB) by the method of Sanger (3) and hydrolyzed with 6 n HCl, 
dinitrophenyl (DNP)-isoleucine was recovered and was accompanied by 
less than 0.1 mole of other DNP amino acids per mole of oxidized papain, 
in agreement with earlier results on the unoxidized protein (4). It is evi- 


* This investigation was aided by research grants from the National Institutes of 
Health, United States Public Health Service, and from the American Cancer Society 
upon recommendation of the Committee on Growth of the National Research Coun- 
cil. 
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dent that the oxidation procedure produces no significant hydrolysis of 
peptide bonds. 

The amino acid composition of a 70 hour hydrolysate of this protein wag 
determined by the procedure of Moore and Stein (5) as described earlier 
from this laboratory (1). The results were identical with those obtained on 
a similar hydrolysate of unoxidized papain (1) except for a small loss of 
tyrosine. Such a loss is expected, since it is known that chlorination of 
tyrosine occurs to a certain extent during or after the oxidation procedure 
in the presence of HCI; the chlorinated derivatives of tyrosine do not emerge 
with tyrosine from Dowex 50 columns (6). 


TABLE I 
Recovery of Cysteic Acid from Hydrolysates of Oxidized Bovine Albumin 
and Papain 
The results are computed as half cystine residue weight in per cent, although the 
amino acid separated was cysteic acid. No corrections have been applied to these 
data. In each case the protein was hydrolyzed at 105-110° in 6 N HCl under an. 
aerobic conditions for 20 hours. 


Preparation No. Time of oxidation Recovery of half cystine 
hrs. per cent 

2. 20* 4.57, 4.80, 4.56 
24 2.32, 2.42 
1* 2.43, 2.52 


* The residual performic acid was removed by repeatedly drving from the frozen 
state in high vacuum. In the other experiments the acid was removed at 40° in 


vacuo. 


Cysteic Acid Content of Oxidized Papain—Oxidized papain or mercuri- 
papain was hydrolyzed in 6 N HCl by procedures previously described (1). 
The cysteic acid was isolated by chromatography on a 0.9 XK 15 cm. column 
of Dowex 50-X8. A 0.2 M citrate buffer at pH 3.42 was the eluting solvent 
(5). Cysteic acid emerged at the column volume and was estimated in the 
effluent fractions by the photometric ninhydrin technique of Moore and 
Stein (7). 

The recoveries of cysteic acid from 20 hour hydrolysates of oxidized 
papain are given in Table I.!. The results are expressed as half cystine 
residue weight in per cent. The average of these figures is 2.48 + 0.08 
per cent. Schram, Moore, and Bigwood (2) obtained a yield of cysteic 


1We are indebted to Vina Buettner-Janusch and Anne Stockell for assistance 
with these determinations. 
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acid of 90 + 2 per cent of the theoretical yield upon oxidation of cystine 
and cysteine with performic acid. In similar experiments in this laboratory 
86 per cent of the theoretical quantity of cysteic acid was obtained. How- 
ever, hydrolysis of oxidized, crystalline bovine serum albumin gave a re- 
covery of 4.56 per cent half cystine (Table I) which is 82 per cent of the 
value found by Brand (8). Although the difference between 82 and 86 per 
cent is small, it appears that the value of 82 per cent is more applicable to 
the papain data, since a closer relationship exists between determinations 
with a protein than between a protein and the free amino acids. 

When the recovery factor of 82 per cent is applied to the average half 
cystine value of 2.48 per cent obtained with papain, the half cystine content 
of papain is calculated to be 3.01 per cent. For a molecular weight of 
20,340 (1), this corresponds to 6.03 residues of half cystine per mole of 
papain. In the calculation of the average half cystine recovery from crys- 
talline papain the value 3.01 per cent obtained with Preparation 3 has been 
omitted, since it differs from the mean value by more than 4 times the 
average deviation. The inclusion of this figure does not significantly alter 
the results. 

Other workers have also studied the cystine content of papain. Kassel 
and Brand (9) found 3.58 per cent residue weight of half cystine. Inas- 
much as they also found 0.4 per cent methionine, it appears that these 
authors were not dealing with the pure protein. Balls and Lineweaver (10) 
found 2.86 per cent half cystine residue weight in their crystalline papain 
by the Sullivan method. ‘This corresponds to 5.8 residues of half cystine 
for a molecular weight of 20,340. These results are in excellent accord with 
ourdata. Close, Moore, and Bigwood (11) found only 1.82 per cent residue 
weight of half cystine in their preparations of crystalline papain. This 
value is considerably lower than the ones reported above. The reason for 
the discrepancy is not apparent. 

Crystalline papain and mercuripapain contain 8 atoms of sulfur per mole 
of enzyme (12). This value has now been confirmed several times with 
different preparations of the enzyme. Since methionine is absent from 
papain (1, 10), it is apparent that not all the sulfur can be accounted for 
as half cystine. The extra sulfur does not appear to be present as sulfate.” 
A similar discrepancy between the total sulfur content and the sum of half 
cystine plus methionine residues of ribonuclease has been observed by 
Hirs, Stein, and Moore (13). 

Amino Acid Sequences Containing Cysteine—The crystalline papain used 
in these experiments was prepared as previously described (12). The pro- 
tein (500 mg.) was hydrolyzed for 7 days in 12 Nn HCl at 37°. The hydroly- 


sate was concentrated to dryness in vacuo several times and finally treated 
?B. J. Finkle and E. L. Smith, unpublished observations. 
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with solid AgO to remove traces of HCl. The precipitated AgCle and 
AgO were removed by centrifugation and the precipitate was washed once 
with water. The combined supernatant solution and washings were con- 
centrated and finally dried zn vacuo. 

The dried hydrolysate was oxidized by solution in 8 ml. of anhydrous 
formic acid followed by addition of 0.5 ml. of H.O.. After 15 minutes at 
room temperature, the reaction mixture was diluted with 10 ml. of water, 
concentrated under reduced pressure several times, and dissolved in a vol. 
ume of about 2 ml. 

An alternative procedure that gave greater yields of peptides containing 
cysteic acid consisted of oxidizing the protein first and then hydrolyzing 
it partially. The procedures used were the same as those described above. 

Two methods were used to isolate cysteic acid and cysteic acid peptides 
from the partial hydrolysates. JIonophoresis in an apparatus similar to 
that described by Flynn and de Mayo (14) had the advantage of separating 
free cysteic acid from the cysteic acid peptides but required considerable 
time for the collection of sufficient material for further study. The ion- 
ophoresis was carried out on a full sheet of Whatman No. 3 filter paper 
which was folded at the center line. The oxidized partial hydrolysate 
(0.2 ml.) was applied to the paper along this fold. ‘The paper was sus- 
pended on glass rods with the ends dipping in 1 N acetic acid, pH 2.3, and 
a potential difference of 400 volts, direct current, was applied for 4 hours 
at room temperature. After completion of the ionophoresis the sheet of 
filter paper was dried in air and strips were cut from the center and from 
both edges at right angles to the center fold. These strips were sprayed 
with a solution of ninhydrin (0.1 per cent) in 95 per cent ethanol. The 
color was allowed to develop at room temperature. 

Five distinct bands appeared on the paper after staining with ninhydrin. 
The results are illustrated in Fig. 1. The stained paper strips permitted 
the location of the bands on the unstained portions of the filter paper. 
These bands were cut out and the adsorbed material was eluted with water 
by the method of Sanger and Tuppy (15). Several ionophoretic runs were 
made under identical conditions and the eluates from the individual bands 
were pooled. 

To identify the amino acids in each band, samples of the pooled eluates 
were hydrolyzed in sealed tubes in 6 Nn HCl for 24 hours at 37°. These 
hydrolysates were freed of excess HCl by repeated concentration in vacuo 
and chromatographed on Whatman No. 4 filter paper with water-saturated 
phenol-0.3 per cent ammonia (16). Band 1 was found to contain only free 
cysteic acid. Band 2 contained high concentrations of cysteic acid, aspar- 
tic acid, glutamic acid, serine, and glycine. Band 3 showed only small 
amounts of cysteic acid and many other amino acids. Bands 4 and 5 
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contained no cysteic acid. Further investigation was performed only on 
material from Band 2. 

The second method for isolating the cysteic acid peptides was a column 
chromatography procedure with a 10 X 2.5 ecm. column of Dowex 50-X4 
(50 to 100 mesh). The resin was cycled several times with 2 N NaOH and 
with 2N HCl. Finally, the resin was left in the hydrogen cycle and washed 
with water until the washings were neutral. The partial hydrolysate was 
placed at the top of the column and run through at a flow rate of about 1 
ml. per minute. Under these conditions cysteic acid and some peptides 
containing cysteic acid emerge unretarded; all of the other amino acids and 
peptides require elution at more alkaline pH values. The eluate containing 
the cysteic acid peptides was concentrated to dryness in vacuo. 


ORIGIN 


Fic. 1. lonophoresis of oxidized partial hydrolysates of papain. The sample was 
applied along the center line (origin) of a full sheet of Whatman No. 3 filter paper 
and subjected to a potential difference of 400 volts for 4 hours at pH 2.3. The bands 
were located by spraying sample strips with 0.1 per cent ninhydrin in 95 per cent 
ethanol and allowing the color to develop at room temperature. This is a scale draw- 
ing showing the distance and the direction that each band moved. 


Band 2 from the ionophoresis and the cysteic acid fraction from the col- 
umn chromatography were fractionated further by two-dimensional paper 
chromatography. Approximately 0.2 of each fraction (in 0.05 ml.) was 
spotted on a full sheet of Whatman No. 3 filter paper. The solvent for 
development in the first dimension was water-saturated phenol-0.3 per cent 
ammonia and that for the second dimension was n-butanol-acetic acid- 
water (4:1:5 volume per volume) (16). After complete development of 
the chromatogram, the paper was thoroughly dried and sprayed with 0.025 
per cent ninhydrin in 95 per cent ethanol. The color was allowed to de- 
velop at room temperature. When the spots had appeared, they were cut 
out and washed with acetone to remove unreacted ninhydrin. The pep- 


tide was eluted from the paper by the technique of Sanger and Tuppy (15). 
A portion of each eluate was hydrolyzed in 6 n HCl in a sealed tube for 
24 hours at 105° and the constituent amino acids were identified by paper 
chromatography with one of the systems previously described. The re- 
mainder of the eluate was treated with FDNB as described by Sanger and 
Excess FDNB was removed from the alkaline solution 
The aqueous phase was concentrated to dryness 


Thompson (17). 
by extraction with ether. 


1 2 
+ cm. cm 


156 : CRYSTALLINE PAPAIN. V 


several times, redissolved in three times redistilled 6 n HCl, and hydrolyzed 
for 4 to 8 hours at 105°. The hydrolysates were extracted three times with 
ether to remove the DNP amino acids, and both the ether and aqueous 
phases were freed of excess HCl by evaporation to dryness. The amino 
acids in the aqueous phase, including DNP-cysteic acid, were identified by 
paper chromatography as described above. DNP amino acids were iden- 
tified by paper chromatography on Whatman No. 4 filter paper buffered 
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Fic. 2. Two-dimensional paper chromatogram of cysteic acid peptides from 
partial hydrolysates of papain. The mixture of peptides was placed on a full sheet 
of Whatman No. 3 paper at the spot marked 0. The solvent for the first dimension 
was water-saturated phenol-0.3 per cent ammonia; the second dimension was de- 
veloped with n-butanol-acetic acid-water (4:1:5 volume per volume). The fifteen 
spots were located with 0.025 per cent ninhydrin in 95 per cent ethanol. 


at pH 6.0 with 0.1 m phthalate. The mobile phase was fer(-amy! alcohol 
saturated with 0.1 m phthalate buffer, pH 6.0. 

Fig. 2 shows the approximate location of the fifteen distinct spots on the 
two-dimensional chromatogram. Spot 5 which was free cysteic acid was 
not present in the two-dimensional chromatogram of Band 2 from the ion- 
ophoresis. All of the spots except Spot 9 contained cysteic acid. 

Table II gives the amino acid composition of each spot and the DNP 
amino acid obtained from the DNP peptide. In the case of dipeptides it 
was possible to establish the amino acid sequence with this treatment. 

At least two tripeptides were identified and in order to establish the 
amino acid sequence in these cases it was necessary to hydrolyze partially 
and repeat the dinitrophenylation. The tripeptide of Spot 8 was hydro- 
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lyzed for 3 days at 37°. This hydrolysate was chromatographed on paper 
in the butanol-acetic acid-water system. The components were eluted 
from the paper and studied by the DNP method. Asa result, it was pos- 
sible to identify the two dipeptide sequences cysteylglycine and glycylas- 
partic acid. This established the amino acid sequence of the tripeptide 


TABLE II 
(Cystetc Acid Peptides Isolated from Partial Hydrolysates of Oxidized Papain 


The dinitropheny] peptides were prepared as described in the text and then hy- 
drolyzed in 6 N HCI. 


Spot No. DNP amino acid Amino acids Probable sequence* 
Serine Cysteic acid Ser.CySO3;H .CySO3H (?) 
2 Aspartic acid Asp.CyS0O;H 
3t 


Aspartic “ ? 


4 Cysteic acid CyS0O;H.Asp 
5t Cysteic “ 
Serine? 
6 Serine Cysteic acid Ser.CySO;H 
7 Cysteic acid Glycine CyS0O;H.Gly 
Aspartic acid CySO;H.Gly. Asp 
Glycine 
Glutamie acid 
Cysteie acid 
Glycine 
ll Valine Cysteie acid Val.CySO,H 
12 Cysteic acid, 
13 serine, glycine, 
14 glutamic acid 


15 Glycine Cysteic acid Gly.(Pro,CySO;H) 


Proline 


* The convention of Sanger and Tuppy (15) has been used to designate known and 
unknown sequences. Abbreviations are as follows: Asp, aspartic acid; CySO3H, 
cysteic acid; Gly, glycine; Pro, proline; Ser, serine; Val, valine. 

t Not present in large enough quantities to be studied by the DNP method. 


from Spot 8 as cysteylglycylaspartic acid. There was insufficient mate- 
nal in Spot 15 to carry out similar studies, but, from the behavior of this 
tripeptide and its hydrolysates, certain inferences can be made. Acid hy- 
drolysates of material from Spot 15 invariably appeared to contain more 
cysteic acid than glycine or proline. The rapid movement of this tripep- 
tide in the phenol-ammonia system practically excludes the existence of 
more than 1 equivalent of cysteic acid in the peptide. The low yield of 


glycine and proline could be explained if the sequence glycylproline is pres- 
ent because this dipeptide will form the diketopiperazine during acid hy- 
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drolysis (18). The diketopiperazine will not stain with ninhydrin. Since 
the tripeptide has glycine as its N-terminal residue, it is possible that the 
tripeptide in Spot 15 has the sequence glycylprolylcysteic acid. Consden 
and Gordon (19) have also noted that it is difficult to isolate proline dipep- 
tides from oxidized partial acid hydrolysates of wool, although they could 
identify proline in larger peptides. 

The study of cysteic acid peptides from papain indicates that at least 
four of the cysteine (or half cystine) residues are accounted for. These 
sequences are serylcysteic acid, aspartylcysteic acid, valyleysteic acid, and 
glycylprolyleysteic acid. Although the sequence of the tripeptide is not 
conclusively established, the N-terminal glycine residue eliminates the 
possibility that it contains sequences already identified. 

The peptide seryleysteic acid occurs in great abundance in the partial 
hydrolysates of papain and this sequence may occur more than once, 
Furthermore, it is possible that the sequence cysteylcysteic acid is pres- 
ent, as indicated by observations on Spot 1 of the two-dimensional chro- 
matogram of cysteic acid peptides. This peptide contains only serine and 
cysteic acid but is unquestionably different from the peptide in Spot 6 
which also contains only serine and cysteic acid. The slow rate of move- 
ment in both solvents suggests that Spot 1 may contain 2 moles of cysteic 
acid. If these suggestions are correct, then 6 cysteine residues are ac- 
counted for.in peptide sequences. 

It is noteworthy that cysteine (or cystine) in peptide form from partial 
hydrolysates of various proteins (15, 19-22) has now been observed in 
combination with almost every other amino acid. The methods used by 
us and by others for isolation of cysteic acid peptides are all based on the 
acidic nature of cysteic acid. Dipeptides containing cysteic acid with 
lysine, arginine, or histidine would behave as neutral peptides and would 
not be isolated by these techniques. However, Thompson (22) has iso- 
lated neutral dipeptides containing cysteic acid and a basic residue by 
elution chromatography of partial hydrolysates of oxidized lysozyme. 


SUMMARY 


The cysteic acid content of oxidized papain has been determined by 
chromatography of hydrolysates on Dowex 50. It is concluded that 
papain contains 6 residues of half cystine per mole of enzyme. 

The following peptides containing cysteic acid have been isolated and 
identified: Asp.CySO;H, CySO;H.Asp, Ser.CySO;H, CyS0O,H.Gly, 
CySO;H.Gly.Asp, Val.CySO;H, Gly. (Pro,CySO;H). 
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METABOLISM OF RIBOSE-1-C" BY CELL-FREE 
EXTRACTS OF YEAST* 
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The fermentation of ribose-5-phosphate by cell-free extracts of yeast is 
characterized by the equimolar formation of COs, ethyl alcohol, and inor- 
ganic phosphate (1). Dickens (1) and Sable (2) suggested from their 
studies of pentose phosphate metabolism by cell-free yeast preparations 
that fermentation proceeded in the following manner: (1) cleavage of 
ribose-5-phosphate to a 2-carbon fragment and triose phosphate and (2) 
metabolism of the latter via classical glycolysis to COs, ethanol, and inor- 
ganic phosphate. The fate of the 2-carbon component was undetermined. 

Recently another pathway of pentose phosphate metabolism has been 
elucidated in liver and in higher plants by Horecker and coworkers (3, 4). 
In this pathway, ribose-5-phosphate is converted via ribulose-5-phosphate 
and sedoheptulose-7-phosphate to fructose-6-phosphate. The fructose-6- 
phosphate would be further metabolized by the classical pathway. In 
this pathway carbon atoms 1 and 2 of the pentose are involved in CO, and 
ethanol formation. 

To determine the pattern of pentose fermentation by yeast extracts, 
ribose-1-C'* was used. Unlabeled ethanol and CO, would suggest the 
pattern described by Dickens and Sable, since in their scheme the end- 
products are derived from non-isotopic carbon atoms 3, 4, and 5 of the 
pentose. However, the appearance of tracer in the end-products would 
favor the scheme involving sedoheptulose, since carbon atom 1 enters the 
fructose-6-phosphate, which in turn gives rise to the alcohol and CO,. The 
results of the fermentation of ribose-1-C™ with yeast extracts are the sub- 
ject of the present paper. 


EXPERIMENTAL 


Materials—Adenosine triphosphate (ATP), triphosphopyridine nucleo- 
tide (TPN), ribose, and ribose-5-phosphate were commercial products. 
Ribose-1-C™ and glucose-1-C“ were supplied by Dr. H. S. Isbell of the 
National Bureau of Standards. Ribonic acid and ribonie acid-5-phos- 
phate prepared from ribose and ribose-5-phosphate by the hypoiodite pro- 

* Research carried out at Brookhaven National Laboratory under the auspices 
of the United States Atomic Energy Commission. 
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cedure of Moore and Link (5) were kindly supplied by Dr. L. M. Paege of 
this laboratory. The barium salts of the phosphate esters were converted 
into potassium salts by dissolving them in 1 N HCl, adding a slight excess 
of 0.57 M KeSO,, and removing the resulting BaSO, by centrifugation. The 
supernatant solution was neutralized with 1 N KOH and diluted to the de- 
sired substrate concentration. 

Analytical Methods—Alcohol was determined enzymatically (6) with 
crystalline alcohol dehydrogenase. Since the alcohol increase was small in 
proportion to the relatively high alcohol content of the cell-free prepa- 
rations, all determinations were carried out in triplicate. With each de- 
termination, a sample of known alcohol content was included. The error 
among the three determinations was approximately 5 per cent. Inorganic 
phosphate was determined by the method of Fiske and Subbarow (7). 
Pentose was determined by the method of Mejbaum (8), modified by in- 
creasing the heating time to 40 minutes. Hexose monophosphate was de- 
termined by its ability to react with TPN in the presence of glucose-6- 
phosphate dehydrogenase and isomerase. 

The CO, released during the fermentation of the ribose-1-C™ was col- 
lected and assayed as described previously (9). The ethanol was either 
converted to COs by persulfate oxidation (10) or oxidized to acetic acid 
with 0.5 gm. of KeCr2O; in 4 N HoSOy. The acetic acid was degraded by 
the method of Phares (11). 

All C™ samples, in the form of barium carbonate, were assayed for ac- 
tivity with a methane flow beta proportional counter. Specific activity 
is expressed in this paper as millimicrocuries per mg. of carbon and total 
activity in millimicrocuries. 

Enzyme Preparations—Pressed bottom beer yeast provided by the Schae- 
fer Brewing Company, Brooklyn, was stirred with cold water in the cold 
room (4°) until the wash water was clear. Generally four washes were 
sufficient. After the yeast was sucked dry on a Biichner funnel, it was 
allowed to dry further at room temperature (20—25°). When the yeast was 
dry enough to crumble, it was passed through a No. 20 sieve. ‘To prepare 
the yeast extract, 20 gm. of the dry yeast were incubated with 60 ml. of 
distilled water at 35-37° for 2.5 hours. The viscous solution was centri- 
fuged in the cold room for 15 minutes at 18,000 & g. A light brown super- 
natant solution of approximately 25 ml., pH 6, was obtained. ‘This solu- 
tion was used for all experiments except ove in which an attempt was made 
to determine intermediates formed during pentose metabolism. For the 
latter type of experiment, 5 ml. of yeast extract were dialyzed 16 hours 
against 3.5 liters of distilled water at 4°. A precipitate which formed after 
dialysis was removed by centrifugation and discarded. 
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Results 


Fermentation of Ribose and Ribose-5-phosphate—Since C'-ribose is more 
readily available than the labeled phosphorylated pentose, an attempt was 


200 
180 
RIBOSE + ATP 
RIBOSE 
a 
WwW 
: 120 
a 
WWJ 
S 80}- J ENDOGENOUS +ATP 
= 
60 + ENDOGENOUS ~ 
A 
40 + 
a 
20 + 


0 2 3 4 5 6 
HOURS 


Fic. 1. Fermentation of ribose and ribose-5-phosphate by yeast extracts. The 
main compartment of the Warburg vessel contained 1.0 ml. of extract and 5 uwmoles 
of ATP or water. The side arm carried 10 wmoles of ribose or water in the endogen- 
ous experiments. The total volume was 1.2 ml. Incubation was at 37.5° and the 
atmosphere was helium. 


made to determine whether our yeast extracts could ferment ribose as well 
as ribose-5-phosphate. That ribose is fermented rapidly after a slight lag 
period is evident in Fig. 1. Fig. | also indicates that the lag period is de- 
creased and the rate of fermentation is increased by the addition of ATP, 
suggesting that the ribose is phosphorylated. Sable (2) has given evidence 
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that brewers’ yeast extracts possess a ribokinase and that the product ¢ 
the phosphorylation is ribose-5-phosphate. Fermentation of ribose is cop. 
trary to the experience of Dickens (1) with extracts of Lowenbriiu, Munich, 
bottom beer yeast. It is therefore of interest to note that of three type 
of brewers’ yeast tested for their ability to attack ribose, only the Schaefe; 
strain yielded extracts which were active in this respect. 

The yield of CQ, is similar with both substrates. In a typical exper. 
ment, 10 umoles of ribose yielded 12.1 ymoles of COs, while 60 umoles of 
ribose-5-phosphate gave rise to 56.2 umoles of CO,. This can be taken a; 
further evidence of a common pathway of fermentation for ribose and 
ribose-5-phosphate. 


TABLE I 
Stoichiometry of Ribose-5-phosphate Fermentation 


Pentose CO: PO« Ethanol = 


umoles pmoles pumoles pumoles 


76 54 475 518 


—57 +54 +40 +38 om 


The Warburg vessel contained 5.0 ml. of yeast extract. The gas space contained 
helium; temperature 37.5°. The reaction was begun by tipping 75 uzmoles of ribose-- 
phosphate from one side arm and was stopped by the addition of 0.5 ml. of 50 per 
cent trichloroacetic acid. The final CO: is corrected for CO:2 (21 wmoles) liberated 
by adding trichloroacetic acid to a test system in which ribose-5-phosphate was 
omitted. The precipitate was removed by centrifugation, and the supernatant solu- 
tion was brought to pH 7.5 with 4 Nn KOH. Aliquots of this solution were analyzed 
for pentose, phosphate, and ethanol. - 


Products of Ribose-5-phosphate Fermentation—In agreement with Dickens | of: 
(1), we found that ribose-5-phosphate was fermented by the yeast extracts | ¥¢ 
to nearly equimolar amounts of inorganic phosphate, ethanol, and CO, 
(Tzble I). The molar amounts of ethanol and phosphate formed were | ,; 
approximately equal, but consistently slightly less than the CO.. sel 

Intermediates in Pentose Phosphate Metabolism—After dialysis, the prep- | _ be; 
arations lost their ability to form ethanol and CO, from pentose phosphate. | v2! 
However, the extracts rapidly metabolized ribose-5-phosphate, with an 
initial rapid accumulation of hexose monophosphate (Fig. 2). After the 
initial phase, hexose monophosphate formation ceased. A similar situation Th 
has been found in liver extracts (3, 12). diz 

Isotope Distribution in Ethyl Alcohol and Carbon Dioxide Formed from | ** 
Ribose-1-C'\—Both end-products, CO, and ethyl alcohol (methyl carbon), | ™* 
contained significant quantities of isotope (Table II). A comparison of the } 4, 
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Fic. 2. Hexose monophosphate formation from ribose-5-phosphate. The in- 
cubation mixture contained 15.0 uwmoles of ribose-5-phosphate and 1.0 ml. of dialyzed 
yeast extract in a total volume of 1.1 ml. Incubation was at 34°. At the intervals 
indicated, aliquots were diluted with 5 volumes of water, heated for 2 minutes at 100°, 
and centrifuged to remove the coagulated protein. : 


TABLE II 


Location of Tracer in Ethyl Alcohol and Carbon Dioxide Formed from 
Ribose-1-C™ by Yeast Extracts 


The results are expressed in millimicromoles per mg. of carbon. 


Ethyl alcohol 
Experiment No. 
CH2OH Total oxidation 
1 15.3 0.6 24.5 12.6 
2 14.6 13.3 
3 15.1 0.4 10.5 


In Experiments 1, 2, and 3 the amounts of CO; obtained in the presence of ribose 
were 260, 352, and 270 umoles, respectively; the amounts in the corresponding control 
runs were 88, 89, and 88ymoles. The respective amounts of ethanol in the presence 
of ribose were 1648, 1950, and 1918 wmoles; the amounts in the corresponding controls 
were 1500, 1690, and 1792 uwmoles. A different cell-free preparation was used in each 
experiment. 

For each experiment, CO2 and ethanol from two test systems were pooled. The 
third vessel contained the control, in which ribose was omitted. Each Warburg ves- 
sel contained 10.0 ml. of yeast extract and 50 wmoles of ATP. The reaction was 
begun by tipping in 150 wmoles of ribose-1-C'* (specific activity of 12.0). The total 
volume was 10.7 ml. The gas space contained helium; temperature 37.5°. After 4 
hours, when CO, evolution had practically ceased, 2 ml. of 50 per cent trichloroacetic 
acid were tipped in. The COs was collected by adding KOH through the venting 
plug (9). After complete removal of the CO», the vessel contents were centrifuged. 
The supernatant solution was distilled to remove the aleohol. The alcohol was oxi- 
dized to acetic acid with 0.5 gm. of K2Cr.O7 in 4 N H.SO, at 90° for 1.5 hours. The 
acetic acid, which was distilled from the reaction flask and titrated with 0.07 n KOH, 
was made to volume. Part was removed for total oxidation (10), and the remainder 
was evaporated on the steam bath to dryness and degraded (11). The specific ac- 
tivity values are corrected for endogenous dilution. 
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specific activity of the methyl carbon of ethanol with that of carbon atom 
1 of pentose indicates an approximate 2-fold dilution, while a similar com. 
parison of CO, with pentose shows a 4-fold dilution. 


DISCUSSION 


The transfer of the bulk of the isotope originally located in carbon atom | 
of ribose to the methyl carbon of alcohol and to CO, strongly suggests that 
the major pathway of pentose metabolism by the yeast extracts involves 
the following: (1) a conversion of pentose to hexose monophosphate via 4 
transketolase-transaldolase sequence of reactions, (2) the conversion of the 
hexose monophosphate to CO. and ethanol via classical yeast glycolysis 
(13). 

To account for the tracer pattern found in these extracts, it is apparent 
that more than one reaction must be considered. The scheme involving 
the sequences of reactions proposed for the conversion of pentose phosphate 
to hexose monophosphate by liver and pea root extracts (3, 4) can also be 
applied to our yeast extracts. However, to account for the quantitative 
differences between the labeling of the end-products obtained with the 
yeast and those obtained with liver and pea roots, the assumption must be 
made that the rates of the various sequences differ in the several extracts. 

According to the transaldolase-transketolase sequence, 1-labeled pentose 
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(tracer indicated by *) would be converted to hexose monophosphate in 
the two ways illustrated in the accompanying diagram. This sequence of 
reactions would yield hexose monophosphate labeled in carbon atoms 1 and 
3, the isotope in carbon atom 1 being equal to that of carbon atom 1 of the 
pentose phosphate, while carbon atom 3 would contain half as much. This 
product would give rise to CO with 0.25 times the specific activity of pen- 
tose phosphate carbon atom 1, while the methyl carbon atom of ethanol 
would have 0.50 times the specific activity of carbon atom 1 of the pentose. 
Since the observed ratios are 0.25 and 0.4, respectively, our data fit this 
sequence. 

Pentose phosphate converted to CO, and ethanol via a transaldolase- 
transketolase sequence should show a stoichiometry of 3 pentose phosphate 
— 2.5 hexose monophosphate — 5CO, + 5 ethanol + 3 inorganic phos- 
phate. The stoichiometry shown in Table I as well as that reported by 
Dickens (1) does not fit this balance. Since the fermentation did not go 
to completion, it is not unlikely that appreciable quantities of intermediates 
accumulate. 

Other possible patterns of ribose metabolism may be considered: (1) oxi- 
dation of ribose to ribonic acid or conversion of ribose to ribose-5-phos- 
phate, followed by oxidation to ribonic acid-5-phosphate, then a cleavage 
of the acids or (2) a recycling of the hexose monophosphate via the direct 
oxidation pathway. The first pathway is eliminated, since our extracts 
did not attack ribonic acid or ribonic acid-5-phosphate. To test the second 
possibility, glucose-1-C™ was fermented by these extracts. If a consider- 
able amount of the glucose was fermented by an anaerobic glucose-6-phos- 
phate shunt, then a considerable amount of tracer should be located in the 
carbon dioxide; however, only 3 per cent was found. 


SUMMARY 


The conversion of ribose-1-C™ to ethyl alcohol and CO: by cell-free ex- 
tracts of beer yeast has been investigated. 

The extracts converted ribose-1-C'™ (60)! into methyl-labeled alcohol 
(20 to 27)' and CO, (15). Under conditions in which COs, and alcohol 
production was inhibited, hexose monophosphate accumulated. From the 
isotope data it is concluded that the pentose is converted to hexose mono- 
phosphate by a transketolase-transaldolase sequence of reactions, followed 
by a conversion of the hexose monophosphate to the end-products via 
classical yeast glycolysis. 

Metabolism of the pentose via ribonic acid, ribonic acid-5-phosphate, or 
a recycling of the hexose monophosphate via an anaerobic glucose-6-phos- 
phate shunt did not appear to occur in these preparations. 


' Millimicrocuries per mg. of carbon. 
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STUDIES ON ETHIONINE 


IV. THE INCORPORATION OF ETHIONINE INTO THE PROTEINS 
OF TETRAHYMEN A* 


By DALE GROSS ann HAROLD TARVER 


(From the Department of Physiological Chemistry, School of Medicine, 
University of California, Berkeley, California) 


(Received for publication, March 14, 1955) 


In a previous communication (1) an attempt was made to demonstrate 
the incorporation tn vitro of ethionine, the analogue of methionine, into the 
mixed proteins of various rat tissues by feeding the amino acid labeled with 
C™ in the ethyl group and subsequently detecting the labeled amino acid 
in the washed proteins. In effect, the object was to show that the synthesis 
of protein does not necessarily always proceed with the formation of a 
unique and specific product. 

An obvious difficulty in providing a rigorous proof of such an incorpor- 
ation exists because it is not possible by simple means to rule out adsorption 
of the amino acid onto the protein, the adsorbed material being resistant 
to removal. The present experiments were designed in order to circum- 
vent this difficulty. For convenience, and in order to demonstrate incor- 
poration into the proteins of an entirely different animal, Tetrahymena was 
used. The washed proteins from organisms grown in the presence of both 
ethionine-C'-ethyl and methionine were subjected to complete hydrolysis, 
and the presence of the antagonist as such in the hydrolysate was discerned 
by methods involving column and paper chromatography. Other samples 
of the mixed proteins were subjected to partial hydrolysis, and the presence 
of the labeled ethionine was found in peptides isolated by column chroma- 
tography. Since peptides isolated from unlabeled protein subjected to 
hydrolysis in the presence of labeled ethionine were not labeled, the experi- 
mental work provides substantial support for incorporation of the ethionine 
as such. Hence, abnormal amino acids may be introduced into protein 
under appropriate conditions. 


EXPERIMENTAL 


Ethionine, Methionine, and Derivatives—.-Ethionine was prepared from 
pbi-ethionine' by enzymatic resolution of the N-acetyl derivative by the 


*Supported by a grant-in-aid from the American Cancer Society upon recom- 
mendation of the Committee on Growth of the National Research Council. Our 
thanks are due to the United States Atomic Energy Commission for supplies of radio- 
active carbon used in these studies. 

‘Our thanks are due to U. 8. Industrial Chemicals, Inc., for generously provid- 
ing the pi-ethionine used. 
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method of Price, Gilbert, and Greenstein (2). This procedure is very sat. 
isfactory, part of the L-ethionine crystallizing directly from the enzymatie 
digest. The purified product had a specific rotation fal; +23.6°, concep. 
tration 2 per cent in 2 N hydrochloric acid. 

pt-Ethionine sulfoxide and sulfone were prepared by the methods of 
Toennies and Kolb (3). 

L-Ethionine-C"-ethyl was prepared? from ethyl iodide-1-C"™ and S-ben. 
zyl-L-homocysteine. The latter compound was prepared from pL-methio- 
nine through S-benzyl-pt-homocysteine (4) and N-acetyl-S-benzyl-p1- 
homocysteine (5). The S-benzyl-t-homocysteine (1.14 gm., rotation {a}* 
+25.0°, concentration 2 per cent in 2 N hydrochloric acid) was reduced 
with sodium in liquid ammonia and the mercaptide so formed was brought 
into reaction with the ethy! iodide-1-C" (0.63 gm.) in an apparatus modified 
from that described by Levine and Tarver (1). The modification con- 
sisted in passing through the cap (standard taper 19/38) of the apparatus 
a 1 mm. inner diameter capillary, the lower end of which extended to the 
bottom of the reaction vessel, the top being provided with a joint. The 
ethyl iodide-containing tube, sealed with a stop-cock, was connected with 


the reaction vessel by means of a corresponding joint. The stop-cock was’ 


opened and the halide forced down into the reaction mixture by the appli- 
cation of heat. Any residual halide was washed from the tube by con- 
densing liquid ammonia into it, reattaching it to the reaction vessel, and 
forcing the ammonia-halide mixture into the reaction vessel. After all the 
iodide had been added, the solvent was allowed to evaporate, and the solid 
product, freed of most of the residual ammonia by suction with a water 
aspirator, was dissolved in water and transferred to a column of Dowex 50 
(2.5 by 22 em.) after acidifying to pH | to 2 with hydrochloric acid. The 
ethionine-C'-ethyl was eluted with 2.5 nN hydrochloric acid, the fractions 
containing the amino acid being concentrated to dryness in the absence of 
air. The product thus freed of any unreacted ethyl! iodide and homocys- 
teine was taken up in water and neutralized with sodium hydroxide to pH 
6.2. The dry material was subjected to sublimation in an apparatus with 
a 7 mm. gap distance at a pressure of 1 mm. of Hg and 180-200°, according 
to the procedure described by Gross and Grodsky (6). The yield was 400 
mg., or 60 per cent of material, with a specific activity of 1.87 *& 10° e.p.m. 
per mg. as determined on a counter with a 14 per cent efficiency. The 
ethionine-C'*-ethy]l was free of other amino acids and of other radiochemical 
impurities, as indicated by paper chromatography. Column chromatog- 
raphy of the sulfone prepared from the ethionine likewise showed no con- 
tamination. The rotation of ethionine prepared in the same way from 
inactive ethyl iodide was [a]? +23°, concentration 1 per cent in 2 N hy- 


2 We wish to thank Dr. A. T. Shulgin for the preparation of the ethyl iodide-1-C™. 
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drochloric acid. According to the literature (7), (ax? +23.7°, concentra- 
tion 2 per cent in 2 N hydrochloric acid. 

Chromatography— Paper chromatography was carried out with n-butanol- 
water-acetic acid (10:5:2) or alcohol-water-pyridine (7:6:8) mix- 
tures on Whatman No. 4 paper at 22-25°. Under these conditions the 
average Ry» values observed with the two solvent systems were, respectively, 
methionine (0.57, 0.53), methionine sulfoxide (0.24, 0.28), methionine sul- 
fone (0.25, 0.39), ethionine (0.67, 0.61), ethionine sulfoxide (0.35, 0.33), and 
ethionine sulfone (0.37, 0.46). Thus methionine, ethionine, and the deriv- 
atives named are readily distinguishable by this procedure. 

Chromatographie separations on columns were generally made by the 
method of Stein and Moore (8) with Dowex 50 (8 per cent cross-linked, 
20 to 400 mesh) processed by alternate sodium hydroxide and hydrochloric 
acid washes, ending in the acid form. Columns were packed and flow rates 
were determined with a bubble type flow meter as described elsewhere (9). 
Fractions were collected for predetermined time periods. 

Determination of Radioactivities—The counting of proteins and carbonate 
samples was carried out with a thin end window tube having an efficiency 
of 14 per cent. 

Culturing of Tetrahymena*—Tetrahymena pyriformis, strain W, was cul- 
tured in tubes containing 2 per cent Difco proteose peptone, 0.5 per cent 
dextrose, and i per cent yeast extract. Transfers were made by the loop 
technique. Incubations were carried out in the dark with oxygenation 
under sterile conditions from 3 to 4 day-old cultures in a flask into which 
the medium was filtered directly through an ultrafine glass filter. 

In all, four cultures were used, one control grown with unlabeled ethio- 
nine and methionine and three with labeled ethionine and unlabeled methio- 
nine in the medium (Experiments I, II, and III). The details of these 
experiments are given in Table I. 

All cultures were stained and examined microscopically (10) and no 
contaminating organisms were found in any. In Experiments I and II 
earbon dioxide was collected daily in sodium hydroxide-containing wash 
bottles. 

Treatment of Tetrahymena to Secure Protein Samples—After incubation 


*Our thanks are due to Professor Kidder for supplying cultures of this organism 
and for advice concerning methods, as well as for supplying the medium. The me- 
dium consists of, in gm., proteose peptone (Difco) 454, glucose 57, KH2PO, 22.7, 
K:HPO, 22.7, MgSO,-7H.O 2.3, CaCl. 1.135, Na acetate 22.7, and, in mg., 
6H.0 567.5, MnCl.-4H.0 114, ZnSO, 2.0, CuCl.-2H.O 113.5, 
FeCl, -6H,O 28.4, guanylie acid 681, adenylic acid 454, cytidylie acid 567, uracil 227, 
Ca pantothenate 2.27, nicotinamide 2.27, pyridoxal-HCl 2.27, pyridoxamine- HCl 
2.27, riboflavin 2.27, folie acid 0.227, thiamine 22.7, thioctie acid 1.0. The mixture 
was used at the rate of 2.58 gm. per 100 ml. of H.O. 
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the Protozoa were centrifuged at 1200 r.p.m. at 4° for 5 minutes, and the 
cells were washed four times with water. Ethionine was recovered from 
the medium and the first aqueous wash, and this product was used* in Ry. 
periment ITT. 

The cells were then homogenized with 10 per cent trichloroacetic acid 
(TCA) containing 1 mg. of unlabeled L-ethionine per ml., after which the 
residue was washed with more hot and cold TCA, alcohol, and ether (1) 
The samples of total protein thus obtained will be referred to by the cor. 
responding numbers of the experiments. 

The stability of the label in the washed material was tested as follows: 
(a) samples were dissolved in NaOH-urea (1) containing 1 to 2 mg. of un. 


Tasie 
Incubation and Yield Data 

| Control* | | 

Medium, ml.t...... 200 | 200 | 200 100 
L-Kthionine-C', mg... . | 120 
Time of incubation, days... | 7 16 M4 
Yield of protein, | 2 235 | 
Specific activity of protein, ¢.p.m. per mq. 1210 
Ethionine in protein, %§... | 0.058 | 0.047 | 0.080 


* Control with unlabeled ethionine. 

t L-Ethionine-C'* recovered from Experiment I. 

t The medium is calculated to contain 0.4 mg. of methionine per ml. (in the Difeo 
proteose peptone). 

§ These values have been corrected for the actual activity due to ethionine (see 
Table IIT). 


labeled ethionine per ml. 10 minutes after complete dissolution, the pro- 
tein was reprecipitated with TCA and rewashed with TCA (10 per cent), 
alcohol, and ether; (b) samples were dissolved in 90 per cent formic acid 
containing carrier ethionine, then reprecipitated as described under (a); 
(c) samples were suspended in 20 per cent monothioethylene glycol, stirred 
overnight, then reprecipitated and rewashed as described. 

In addition, the washing procedure was tested by suspending samples of 
unlabeled Tetrahymena protein in a solution of ethionine with 10* ¢.p.m. 
for 10 to 20 minutes. The protein was then reisolated and washed by 4 
combination of procedures (a) and (b), the acid-base treatment. 


* Ethionine-C was recovered from the medium by passing it through a Dowex ® 
column (2.5 XK 20 em.) in acidic form. The column, after the sample was added, was 
first washed with water, then eluted with 25 ~ HCl. The ethionine fraction was 
concentrated and refractionated on a similar column (1.2 K 57 em.). Final pun 
fication was carried out by sublimation (6). 
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Complete Hydrolysis of Protein and Fractionation—An attempt was made 
to determine the fraction of the activity in the protein due to ethionine as_ 
such by a direct method. 5.6 mg. of Protein I were hydrolyzed by refluxing 
with 0.5 ml. of 6 ~ hydrochloric acid for 7.5 hours. The acid was evapo- 
rated and the residue dissolved and made up to volume. After removing 
aliquots to determine the total soluble activity in the hydrolysate, the rest 
was fractionated on a column of Dowex 50 (57 X 1.2 cm.) (8). Fractions 
from the column were dried on polyethylene planchets and the activity in 
each was determined. 

This method proved to be unsatisfactory since there was a large ethionine 
sulfoxide peak and a smear of activity between this peak and that corre- 
sponding to the ethionine itself. Apparently the ethionine was being oxi- 
dized on the column, because the same thing occurred when pure ethionine 
was subjected to the same type of fractionation. Similar results were ob- 
tained with methionine. The results from this direct fractionation were, 
therefore, only approximate, and resort was taken to prior oxidation of all 
the ethionine to the sulfone. 

Samples of Proteins II and III were subjected to hydrolysis in sealed 
tubes at 120° for 8 hours. The residue after removal of the acid was dis- | 
solved in water, filtered, and oxidized by the procedure of Toennies and 
Kolb (3), as modified by Matsuo and Greenberg.’ By this procedure 
methionine and ethionine are oxidized to the sulfone without affecting other 
amino acids significantly, except for cystine-cysteine and tryptophan. The 
oxidizing solution was 8 volumes of 2.5 n hydrochloric acid, 1.5 volumes of 
30 per cent hydrogen peroxide, and 0.5 volume of 0.01 m sodium molybdate. 
| ml. of this reagent was added to each of the dried water-soluble fractions 
of the two hydrolysates. The mixtures were allowed to stand overnight 
at 4°, after which the solvents were removed and the residues taken up in 
small volumes of 1.5 ‘ hydrochloric acid. These solutions were then frac- 
tionated on Dowex 50 as before. 

The ethionine sulfone peak overlapped that for alanine, but, when the 
materials in the peaks were further fractionated by paper chromatography, 
no labeled alanine was detected. 

Partial Hydrolysis of Protein and Fractionation—To 78.4 mg. of Protein 
Il were added 3 ml. of 12 ~ hydrochloric acid, and the mixture was allowed 
to stand at 34° for 70 hours. At the same time a control hydrolysate, con- 
taming 71 mg. of unlabeled protein from Tetrahymena and free labeled 
ethionine with a total of 1.66 * 10° ¢.p.m., was incubated in a similar 
fashion. Both hydrolysates were then treated to separate the acidic from 
the neutral-basic peptides. 

The hydrolysates were dried at 34°, redissolved in water, and redried 
twice. The dried solids were then dissolved in water, filtered, and made 


*Mateuo, Y., and Greenberg, D. M., personal communication. 
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up to 10 ml. The radioactivities in aliquots of these solutions were meas. 
ured. The materials were then fractionated on 10 * 1 em. columns of 
Amberlite IR-4B (XE-58 grade, polyamine ion exchange resin) according 
to the method of Sanger and Tuppy (11), starting with the resin in the 
chloride form obtained by washing with 2 n hydrochloric acid and with 
water to remove the excess acid. When the effluent reached pH 3.3, the 
columns were washed further with the acid at this pH, then the hydroly. 
sates, adjusted to pH 3.3 by the addition of 1 nN sodium hydroxide, were 
transferred to the columns and washed down with the acid (75 ml.) at pH 
3.3. The effluents contained the neutral-basic amino acids and peptides. 
The acidic fractions were washed off the two columns with 100 ml. of 1 
hydrochloric acid. 

Fractionation of Neutral-Basic Amino Acids and Peptides—This fraction 
from the partial hydrolysate of Protein II was subjected to a further frac- 
tionation on Dowex 50 by use of the ammonium formate buffer column 
system of Hirs and coworkers (12), with some modifications. 

The fraction was lyophilized and the dry residue dissolved in 0.75 ml. of 
0.2 m ammonium formate buffer at pH 3.2. After standing to insure as 
complete a dissolution as possible, the solution was filtered and made up to 
1 ml. After removal of aliquots for counting, this solution was added 
portionwise to a 1.2 & 57 em. of Dowex 50, 200 to 400 mesh, 4 per cent 
cross-linked, previously washed first with ammonia and then equilibrated 
with the formate buffer. 

Collections were made in polyethylene cups from which the formate was 
sublimed by heat lamps. The cups were surveyed for radioactivity, and 
the products in peaks were further investigated by paper chromatography, 
either directly or after hydrolysis with 6 n hydrochloric acid. 

Investigations on Acid Fraction—This material from the separation on 
IR-4B, hydrolyzed and oxidized as described previously, was fractionated 
on Dowex 50, the acid elution procedure being used as before. The peaks 
obtained were identified by paper chromatography. 


Results 


The details on the three experiments in which the Telrahymena was 
grown in the presence of labeled ethionine are shown in Table I. In all 
cases the protein was labeled, and to about the same extent, 7.e. the same 
specific activity in spite of the considerable differences in yield, but the 
ethionine in the protein was low, 0.08 per cent or less. Likewise the ac- 


‘It had previously been observed that a column of this type (4 per cent cross- 
linkage) would separate isoleucine from methionine at 30° when a flow rate of 6 ml. 
per hour was maintained. However, there was no significant resolution of the serine- 
threonine or glycine-alanine pairs. Ethionine appeared in the effluent between 290 
and 340 ml. 
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tivity due to ethionine itself was similar in all three experiments (see also 
Table II1). Both these results might be anticipated since the methionine- 
ethionine ratio was the same in all cases and the per cent of the ethionine-C 
appearing as carbon dioxide was relatively small (Fig. 1). 

The results of washing the proteins more extensively are shown in Table 
Il. No significant amount of activity was removed either by dissolving 
in urea or formic acid containing carrier ethionine and reprecipitating or 
by washing with the reducing agent monothioethylene glycol. It, there- 
fore, appears improbable that the ethionine is chelated to the protein in 
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Fic. 1. Total activity in the carbon dioxide produced by the Tetrahymena in- 
cubated with L-ethionine-C™-ethyl. +, Experiment 1; O, Experiment 2. 


conjunction with metal ions (13-16), or that activity is bound by disulfide 
bonds to any extent (1, 17). 

The preliminary results obtained by fractionating the protein on Dowex 
50 by the acid elution method are shown in Table III. Since there was a 
smear of activity between the peak due to ethionine sulfoxide and to ethio- 
nine, these results should be regarded as approximate only. 

The results of oxidizing hydrolysates to the sulfone prior to fractionation 
and the recovery in a control experiment are given in Table III (and Fig. 
2). It may be seen that not all the activity in the control was recovered 
in the sulfone peak, but that a significant amount appeared in two peaks, 
which contained ninhydrin-negative substances. Peak I probably con- 
tains ethyl sulfonic acid, but the nature of Peak II is unknown. 

The fractionation of all three proteins, and particularly that of Proteins 
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II and III, which was carried out by the more reliable method, shows the 
major part of the activity to be due to ethionine. Probably not more than 


TaBLe II 
Special Washing Procedures for Protein 


Procedure 1, NaOH-urea, protein dissolved in the solvent containing carrier 
ethionine, then reprecipitated with TCA, washed with TCA and organic solvents: 
Procedure 2, formic acid, protein dissolved in formic acid containing carrier and re. 
washed as above; Procedure 3, protein suspended in monothioethyvlene glycol over. 
night and then reprecipitated and treated as above. 


Procedure 1 | Procedure 2 Procedure 3 
Before After loss Before After loss Before After loss 
per | per cent per cent per cent 
I*t 554 9.1 
II 924 | 7.4 924 | 0.6 
| 162 | «11.7 856 4.9 


* Proteins were diluted with unlabeled Tetrahymena protein. 

t+ When a sample of unlabeled protein was suspended in an aqueous solution con- 
taining 10,000 c.p.m. of ethionine, the activity was lost by washing by Procedures | 
and 2 (3 ¢.p.m. per mg. remaining). 


TaBLe III 
Distribution of Protein Activity among Different Amino Acids 

Protein I (5.6 mg.), hydrolyzed and fractionated directly on a Dowex 50 column 
(1.2 & 57 em.) with acidelution. In this system there is a good separation of ethio- 
nine and its sulfoxide from the corresponding methionine and its sulfoxide. Con- 
trol, unlabeled protein (11 mg.) hydrolyzed in the presence of labeled ethionine, and 
hydrolysate fractionated as Protein I after oxidation with peroxide. Ethionine 
sulfone and methionine sulfone are widely separated in this system. Proteins II 
and III, hydrolyzed, oxidized, and fractionated as control. The values are in per 
cent of radioactivity added to the column. 


Protein I Control Protein II | Protein II 

4.9 7.6 5.4 
4.7 1.5 1.9 
Ethionine sulfoxide.................... 8.8 


6 per cent is due to other amino acids such as aspartic and glutamic acids. 
No activity could be found in alanine, which occurs in the peak with the 
sulfone, when the material in the peak was fractionated by chromatography 


he 
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on paper. Therefore, it is possible that the activity in the aspartic-glu- 
tamic acid is due more to conversion of the ethy! of the ethionine to acetate 
and the fixation of acetate carbon in these compounds than to the fixation 
of carbon dioxide. This is substantiated by the fact that the ethyl does 
not appear to any great extent in this form (Fig. 1) and its specific activity 
must also be low, due to the metabolism of other carbonaceous substrates 
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Fic. 2. Fractionation of a hydrolysate of Protein II on a Dowex 50 column (1.2 X 
57 em.) after oxidation to the sulfone. 


TABLE IV 
Fractionation of Partially Hydrolyzed Protein II 
Control, 71 mg. of unlabeled Tetrahymena protein and L-ethionine (1.66 * 105 
¢.p.m.) were incubated with 3 ml. of 12 N HCl at 34° for 70 hours. The acid was re- 
moved at low temperature; the product fractionated on an Amberlite IR-4B column 
(1 X 10 em.) and eluted with HCI (12). Protein II, 78.4 mg. of protein without 
added ethionine subjected to hydrolysis and fractionation as above. 


Neutral-basic fraction] Acidic fraction Recovery 

per ceni* per cent per cent 
65.2 32.3 95.5 


* Per cent of activity in the fraction from that added to the column. 


inthe medium. Unfortunately, the location of the label in the dicarboxylic 
acids was not determined. 

The results of the partial hydrolysis of the protein and fractionation in 
IR-4B are given in Table IV. It may be observed that most of the activity 
appeared in the neutral-basic fraction in which are located the free ethionine 
and its sulfoxide, as indicated by the results with the control protein incu- 
bated with free labeled ethionine. Since the activity from the free ethio- 
nine appeared to such a small extent in the acidic fraction in the control 
experiment, it is clear that most of the 32.3 per cent of the total activity 
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which appeared in this fraction when the labeled protein was treated must 
be in the form of ethionine in peptide linkage, together with free or peptide. 
bound aspartic and glutamic acids. 


TABLE V 
Distribution of Activity in Acidic Fraction 
Half of the acidic fraction from the partial hydrolysis of Protein II, subjected to 


fractionation on a Dowex 50 column (1.2 X 58 cm.) with acid elution (1.5 x HC}) 
following hydrolysis and oxidation of the sulfur-containing amino acids to sulfones 


| Activity | Activity 

| per cent* pom cent 
Peak I | 6.1 | Glutamic acid | 4.6 
Aspartic acid | 4.2 | Ethionine sulfone | 49.8 


* See the foot-notes to Tables III and IV. The recovery from the column was 
only 64.7 per cent. This is partly due to the fact that the fractionation was not 
carried through Peak II (cf. Table III). 


CPM 


500 600 700 800 ML. 
>< pH 4.0 >< pH 9.0 


Fic. 3. Fractionation of the neutral-basie fraction from the partial hydrolysate 
of Protein II, carried out on a Dowex 50 column (1.2 & 57 em., 4 per cent cross-linked 
resin, 200 to 400 mesh) at 30°; elution with 0.2 M ammonium formate. Free ethionine 
in peak between 290 and 340 ml. of effluent. 


The results of the separation of the amino acids from the complete hy- 
drolysate of the acidic fraction are given in Table V. Most of the activity 
recovered was in the form of ethionine. Hence, the activity must have 
originally been in the form of the analogue bound in peptide linkage. 

The results of the further separation of the neutral-basic fraction with 
the Dowex 50 formate system are presented in Fig. 3. Of the activity 
placed on the column, 77 per cent was recovered, 5.5 per cent in the ethio- 
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nine peak located between 290 and 340 ml. of effluent. The identity of 
the ninhydrin-positive material in this peak was demonstrated by paper 
chromatography. Samples from the other peaks (520, 700, and 740 ml. 
of efHuent) were found to contain most of the activity in the form of ethio- 
nine, following complete hydrolysis. Hence this ethionine must also have 
been bound in peptide linkage. 


DISCUSSION 


It appears from the results that labeled ethionine becomes bound in 
peptide linkage in the protein of Tetrahymena grown in media containing 
this amino acid labeled in the ethyl group. Therefore, either the ethionine 
must have been introduced into the protein as such or the labeled ethyl 
group must have been transferred into the protein or peptides. Stekol and 
Weiss (17) have already shown the ethyl group of ethionine to be transfer- 
able to creatine and choline, but it is not likely that such transfer of ethyl 
groups into protein occurs in the system with which we are concerned for 
the following reasons: (1) Genghof (18) has shown that transmethylation 
to homocysteine does not occur in Tetrahymena. (2) It would be antici- 
pated that, if methyl or ethyl groups were transferable, the reaction would 
occur between free methionine and ethionine rather than between free 
ethionine and protein or peptide-bound methionine, because peptide-bound 
methionine must be in low concentration, and the methionine in protein is 
probably largely in shielded loci. (3) No exchange occurred during the 
partial hydrolysis of the control protein in acid in the presence of a high 
concentration of free ethionine, although under such conditions the group 
in the free ethionine might well have been labilized. (4) Different degrees 
of exchange and hence of protein labeling might have been anticipated in 
the three experiments since the growth rates were so divergent. 

This conclusion also receives support from observations made by Rabin- 
ovitz and coworkers (19), who found that L-ethionine-C'-ethyl was incor- 
porated into the proteins of the Ehrlich mouse ascites tumor cells, serving 
as a competitive substrate for methionine in protein synthesis. However, 
once incorporated, the labeled group was not exchanged to any significant 
extent in the presence of methionine (unlabeled), although labeled methio- 
nine was readily incorporated under the same conditions. 

Whether or not transfer occurs, the net result is the building up of one 
or more abnormal proteins; that is, proteins containing ethionine. The 
results of the experiments involving the isolation of labeled peptide frac- 
tions definitely show this, and in the following discussion it will be assumed 
that the incorporation of the label resulted from the utilization of ethionine 
as such. 

It is well known that analogues of many naturally occurring substances 
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may be degraded by organisms via the same pathways as those taken by 
their naturally occurring counterparts, e.g. the deamination of foreign 
amino acids by transaminases (20) or deaminases (21), but it is not gener- 
ally appreciated that in many cases analogues may become the substrates 
in synthetic reactions leading to the production of further second order ana- 
logues. One of the clearest cases of this type is provided by the behavior 
of the analogue of acetic acid, fluoroacetic acid, which has been found to be 
capable of forming a fluorocitrate (22). Similarly, arsenocholine is incor- 
porated into the lecithin fraction in the liver and brains of rats (23). Ab- 
normal syntheses were foreseen by Kidder and Dewey (24) in the nucleic 
acid field as a result of experiments with azaguanine. Since then it has 
been established that this (25-27) and other purine and pyrimidine (28-32) 
analogues may be incorporated into nucleic acids and nucleotides. In the 
field with which we are immediately concerned, Baker and coworkers (33) 
have shown that, in the organism Lactobacillus arabinosus, p-fluoropheny]- 
alanine replaces phenylalanine to the extent that the analogue becomes 
essential under some conditions and that the analogue is bound in peptide 
linkage. 

Assuming that there is an actual incorporation of an amino acid analogue 
into protein, then the product formed may be either a completely abnormal 
product or a mixture of one or more abnormal proteins in which the natu- 
rally occurring amino acids in various loci have been replaced by the ana- 
logue. In view of the results with p-fluorophenylalanine and of the fact 
that it is just as likely that synthetic reactions are open to the same degree 
of unspecificity as degradative reactions, the second possibility more prob- 
ably describes the actual situation. This conclusion is also supported by 
the data of Rabinovitz and coworkers (19), which show that, with respect 
to the protein in ascites tumor cells, ethionine acts as a competitive sub- 
strate with methionine, apparently filling the normal sites of this amino 
acid. 

If the synthesis of protein does not always result in a unique product, one 
might conceive of a situation in which an enzymatic or hormonal protein 
contained an analogue which more or less completely replaced the normal 
amino acid in some critical locus. The modified enzyme or hormone would 
have an activity either greater or less than normal. Such replacements 
may in part explain the toxic effects of ethionine. 


SUMMARY 


1. When Tetrahymena pyriformis is grown in the presence of unlabeled 
methionine and of ethionine-C"'-ethyl, the label is taken up by the protein. 

2. Most of the label is in the form of ethionine stably bound in the pro- 
tein. However, a little is present as aspartic and glutamic acids, as shown 
by column chromatography on Dowex 50. 
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3. When the labeled proteins are subjected to partial hydrolysis, labeled 


peptides are found. These peptides contain the label largely in the form 
of ethionine. 


4. It is concluded that the Tetrahymena actually synthesized protein 


containing the foreign amino acid, ethionine, and that this may be a phe- 
nomenon of quite general occurrence, comparable to what occurs with the 
nucleotides and nucleic acids. 
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BIOSYNTHESIS OF THE PURINES 


VI. PURIFICATION OF LIVER NUCLEOSIDE PHOSPHORYLASE AND 
DEMONSTRATION OF NUCLEOSIDE SYNTHESIS FROM 4-AMINO-5- 
IMIDAZOLECARBOXAMIDE, ADENINE, AND 2,6-DIAMINOPURINE* 


By EDWARD D. KORNT anp JOHN M. BUCHANAN$T 


(From the Department of Physiological Chemistry, School of Medicine, 
University of Pennsylvania, Philadelphia, Pennsylvania) 


(Received from publication, December 20, 1954) 


The observation by Klein (2) that phosphate and arsenate stimulate the 
enzymatic cleavage of certain nucleosides to their free bases was explained 
by Kalckar’s demonstration (3) that nucleoside phosphorylase catalyzes 
the reversible phosphorolysis of inosine and guanosine to ribose-1-phosphate 
and hypoxanthine and guanine, respectively. Since this initial work, it 
has been found that other ribosides such as xanthosine (4), 8-azaguanine 
riboside (5), and nicotinamide riboside (6) may also serve as substrates for 
this enzyme. 

As a part of the general study in this laboratory of the mechanism of 
ribotide formation, the participation of nucleoside phosphorylase in the 
conversion of 4-amino-5-imidazolecarboxamide to its riboside has been 
tested. It has been found that a purified preparation of this enzyme will 
catalyze the synthesis of carboxamide riboside from the free base and 
ribose-1-phosphate. This, together with the evidence of Greenberg (7) 
that the riboside can be phosphorylated by adenosine triphosphate in 
pigeon liver preparations, provides a pathway for the synthesis of 5-amino- 
4-imidazolecarboxamide ribotide from the free base. 

Adenine and 2,6-diaminopurine have also been tested as substrates for 
nucleoside phosphorylase. Experimental evidence will be presented which 
indicates that both these compounds may be converted to their ribosides 
in the presence of ribose-1-phosphate. The reaction of adenine in this 
system is contrary to the observation of Kalckar (8). 


* A preliminary report of this work has been published (1). This work has been 
supported by grants-in-aid from the National Cancer Institute, National Institutes 
of Health, United States Public Health Service, and the Damon Runyon Memorial 
Fund for Cancer Research, Inc. 

t Research Fellow of the Damon Runyon Memorial Fund for Cancer Research, 
Inc. (1952-53). Present address, Laboratory of Cellular Physiology, National 
Heart Institute, National Institutes of Health, Bethesda, Maryland. 

{t Present address, Division of Biochemistry, Department of Biology, Massachu- 
setts Institute of Technology, Cambridge, Massachusetts. 
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Materials and Methods 


Reagents—Ribose-1-phosphate was prepared as the cyclohexylamine salt 
by Dr. F. Charalampous, to whom we are indebted. 4-Amino-5-imidazole- 
carboxamide was prepared by the method of Shaw and Woolley (9). 2,6- 
Diaminopurine was obtained through the generosity of Dr. G. B. Brown, 
and the orotic acid was a gift of Dr. C. Cooper. 

The other substrates were all commercial products. Hypoxanthine was 
obtained from Hoffmann-La Roche, Inc., uric acid from the Pfanstiehl 
Chemical Company, and guanine, adenine, xanthine, guanosine, adenosine, 
thymine, uracil, and cytosine from the Nutritional Biochemicals Corpo- 
ration. The purity of these compounds was tested by paper chromatog- 
raphy and ultraviolet spectrophotometry. 

The silicic acid (Baker’s ‘“‘analyzed’’) used in the purification of nucleo- 
side phosphorylase was finely ground and suspended in water. The par- 
ticles which did not settle in 30 minutes were collected by centrifugation 
and dried at 140° for several hours before use. 

Xanthine oxidase was prepared by the method of Ball (10) as modified 
by Kaleckar (11). 

Nucleoside Phosphorylase Assay—The enzyme was assayed by a modifi- 
cation of the differential spectrophotometric method of Kalckar (12). 
1 umole of inosine, 0.05 ml. of xanthine oxidase, 2.75 ml. of 0.1 mM K2zHPO,, 
and the nucleoside phosphorylase in a total volume of 3 ml. were incubated 
at 25° in a quartz cuvette. The increase in optical density at 290 my was 
followed for 10 minutes, beginning 2 minutes after the addition of the 
nucleoside phosphorylase. During this period the reaction rate was con- 
stant and proportional to the amount of enzyme added. 

The protein concentration of the enzyme solution was routinely deter- 
mined by calculation from its optical density at 280 my. It was found 
that, at various stages of purification, 1 mg. of protein per ml. had an op- 
tical density of 1.6 in a cell with a 1 em. light path. <A unit of enzyme is 
defined as that amount which will catalyze the phosphorolysis of 1 umole 
of inosine in 1 hour, under the above conditions. 

Paper Chromatography—2 ,6-Diaminopurine and its reaction product, 
guanosine, were separated in the NasHPO,-isoamy!] alcohol solvent system 
described by Carter (13). 4-Amino-5-imidazolecarboxamide and its ribo- 
side were separated with the n-propanol-water solvent system of Greenberg 
(14). All the other compounds were chromatographed in a solvent system 
of n-butanol saturated with a 10 per cent urea solution (13). 

The incubation mixtures were concentrated to a small volume (approxi- 
mately 1 ml.) and quantitatively transferred to a strip of Whatman No. 1 
filter paper. Ascending chromatograms were run for 12 to 14 hours in the 
appropriate solvent and the resulting bands detected with a Mineralight 


E. D. KORN AND J. M. BUCHANAN 185 


lamp. The nucleoside bands were eluted with water and rechromato- 
graphed, if necessary. 

Analytical Procedures—Inorganic phosphate was determined by the 
method of Lowry and Lopez (15). Acid-labile phosphate (ribose-1-phos- 
phate) was determined by the same procedure after hydrolysis with 5 per 
cent perchloric acid at 30° for 30 minutes. Ribose was determined by the 
orcinol method of Mejbaum (16). Hypoxanthine was estimated by en- 
zymatic oxidation (12). 4-Amino-5-imidazolecarboxamide was determined 
as diazotizable amine by the Bratton-Marshall procedure according to 
Ravel, Eakin, and Shive (17). Ribose compounds were located on paper 
chromatograms by spraying with 0.2 m phenylenediamine dihydrochloride 
in 76 per cent ethanol (18). All the purine and pyrimidine derivatives 
were identified by their characteristic Ry values and ultraviolet absorption 
spectra, which agreed with the theoretical in all instances. Their concen- 
trations were calculated from their optical densities. ‘The molecular ex- 
tinction coefficients at given wave-lengths have been summarized for many 
of the compounds by Schlenk (19). The value 1.27 * 104 at 267 my was 
used as the molecular extinction coefficient for 4-amino-5-imidazolecarbox- 
amide (14). 2,6-Diaminopurine was measured at the two maxima of its 
absorption curve, 247 and 280 mu. The values 7 X 10* and 8.8 X 10%, 
respectively, were used as the molecular extinction coefficients at these 
two wave-lengths (20). 


Results 


Purification of Nucleoside Phosphorylase—Unless otherwise stated, all 
operations in the following procedure were performed at 2°. Water re- 
distilled in glass was used throughout. Beef liver (6.5 kilos) was cut into 
small pieces, washed free of blood, and blended in 1.5 volumes of water in 
a Waring blendor. 2 volumes of acetone (— 15°) were added, and the 
mixture was filtered at room temperature. The filter cake was washed 
well with acetone and air-dried. The acetone powder was extracted with 
10 parts of water by weight and the insoluble residue removed by centrifu- 
gation. 

The acetone powder extract (Fraction I, Table I) was adjusted to pH 
5.5 with 1 m acetic acid, and 90 per cent ethanol (— 15°) was added to a 
final concentration of 30 per cent. All of the ethanol fractionations were 
performed at — 15°. The precipitate was collected and dissolved in water 
(Fraction II). Insoluble material was discarded. 

Fraction II was adjusted to a protein concentration of 15 mg. per ml., 
pH 4.5, and 90 per cent ethanol was added to a final concentation of 20 
per cent. The precipitate was collected and dissolved in water as above 
(Fraction ITT). 
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Fraction III was adjusted to a protein concentration of 15 mg. per ml., 
pH 4.5, and an ethanol concentration of 15 per cent. The precipitate was 
collected and dissolved in water (Fraction IV). Careful adjustment of pH 
is essential at this point, since the enzyme fails to be precipitated at lower 
pH values. 

Fraction IV was diluted to a protein concentration of 15 mg. per ml. and 
then fractionated with solid ammonium sulfate. The protein which pre- 
cipitated between 40 and 50 per cent saturated ammonium sulfate was 
collected, dissolved in water (Fraction V), and dialyzed against 0.05 m 
phosphate buffer (pH 7.4) for several hours and then against water over- 
night. 

Dialyzed Fraction V was diluted to a protein concentration of 3 mg. per 
ml. and stirred with silicic acid (50 mg. of silicic acid per ml. of enzyme 


TABLE I 
Purification of Nucleoside Phosphorylase 


Fraction | Protein | 4 | 
| | units per mg. 
| mg. per ml. | units KX 1 | protein 
I. Acetone powder extract..................... | 10 | 661 | 7.2 
| 20 | 632 | 19.4 
IV. 3rd | 504 | 126 
V. Ammonium sulfate ppt..................... | 27.8 | 270 | 393 
VI. Silicic acid supernatant................... | 0.69 | 210 | 1215 


solution) for 30 minutes. The supernatant solution (Fraction VI) was 
retained after centrifugation. 

Fraction VI represents about 175-fold purification of the acetone powder 
extract, with an over-all yield of 30 per cent. Fractions V and VI were 
analyzed by paper electrophoresis. When run in Veronal buffer (pH 8.6), 
both samples separated into four distinct bands, all of which migrated 
towards the anode. The second fastest component contained a relatively 
greater percentage of the total protein of Fraction VI than of Fraction V 
and possessed all of the nucleoside phosphorylase activity. This band 
represented approximately one-third the total protein of Fraction VI, the 
fraction used in all of the experiments reported in this paper. 

Synthesis of 5-Amino-4-imidazolecarboxamide Riboside—The purified nu- 
cleoside phosphorylase catalyzed the synthesis of inosine, xanthosine, and 
guanosine from their respective purines and ribose-1-phosphate (Table IT). 
4-Amino-5-imidazolecarboxamide and ribose-1-phosphate were incubated 
with the enzyme (Table II). The chromatogram of this reaction mixture 
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contained two bands, one of which corresponded to the free base and the 
other to the riboside. Inorganic phosphate appeared during the course of 
the reaction, but the amount could not be determined owing to the very 
high blank caused by the silicic acid in the enzyme preparation. The 
second band was not present when 4-amino-5-imidazolecarboxamide was 
incubated alone with the enzyme or when ribose or ribose-5-phosphate was 
substituted for ribose-1-phosphate. It had an Ry of 0.39 in 80 per cent 
n-propanol, in agreement with the value reported for 5-amino-4-imidazole- 
carboxamide riboside by Greenberg (14). 


TaBLe II 
Synthesis of Nucleosides 
umole 
Hypoxanthine Inosine 0.20 
Xanthine Xanthosine 0.10 
Guanine Guanosine 0.10 
4-Amino-5-imidazolecarboxamide 5-Amino-4-imidazolecarbox- 0.10 
amide riboside 

Adenine Inosine 0.14 
Hvypoxanthine 0.02 

2,6-Diaminopurine* Guanosine 0.30 


All vessels contained 0.5 umole of substrate, 1 wmole of ribose-1-phosphate, 300 
units of nucleoside phosphorylase, and glycylglycine buffer (pH 8, 0.05 Mm) in a total 
volume of 0.5 ml. 

* This vessel contained 1 umole of substrate and 2 uwmoles of ribose-1-phosphate 
in addition to the enzyme. Incubated at 38.5° for 30 minutes. 


The riboside was eluted from the paper with water and found to have an 
absorption spectrum almost identical with that of the free base (Fig. 1). 
The ratio of 5-amino-4-imidazolecarboxamide riboside (assuming that the 
riboside and free base have identical molecular extinction coefficients) to 
diazotizable amine (based on 4-amino-5-imidazolecarboxamide as the stand- 
ard) to pentose was 1:1:1. Ribose, ribose-l-phosphate, and ribose-5- 
phosphate do not move from the origin in the solvent used. 

Reaction of Adenine and 2,6-Diaminopurine with Ribose-1-phosphate— 
When adenine and ribose-l-phosphate were incubated with nucleoside 
phosphorylase, inosine and, to a smaller extent, hypoxanthine were rapidly 
formed (Table II). Similarly, the product of the reaction between 2 ,6- 
diaminopurine and ribose-l-phosphate was guanosine (Table II). The 
conversion of adenine to inosine and of 2,6-diaminopurine to guanosine 
could have occurred by either of two paths. (1) The purines might have 
been deaminated to hypoxanthine and guanine, respectively, which by 
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known reactions would then be converted to their ribosides, or (2) adeno- 
sine and 2,6-diaminopurine riboside might have been synthesized by re- 
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Fig. 1. Ultraviolet absorption spectra of 4-amino-5-imidazolecarboxamide (4) 


and 5-amino-4-imidazolecarboxamide riboside (@). Both compounds were dissolved 
in water and measured at a concentration at 0.058 wmole per ml. 


TABLE III 
Deamiriase Activity Present in Nucleoside Phosphorylase Preparation 

Quantity of Compound 

Substrat bstrat t aft Quantity 

present 
umole pmole 
Adenosine 0.5 Inosine 0.5 
Adenine 0.5 Adenine 0.5 
* 0.5 0.5 
2,6-Diaminopurine 1.0 2,6-Diaminopurine 1.0 
- riboside | 1.0 Guanosine 1.0 


All vessels contained 300 units of nucleoside phosphorylase, substrate, and glycyl- 
glycine buffer (pH 8, 0.05 m) in a total volume of 0.5 ml. Incubated at 38.5° for 
30 minutes. 


* This vessel also contained xanthine oxidase. 


actions previously undescribed and these compounds then deaminated. 
The first path would require the presence of adenase and a 2,6-diamino- 
purine deaminase and the second path adenosine deaminase and a 2,6- 
diaminopurine riboside deaminase in the nucleoside phosphorylase prep- 
aration. 


To test these hypotheses, adenine, 2,6-diaminopurine, adenosine, and 
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2,6-diaminopurine riboside were each incubated separately with the nucleo- 
side phosphorylase preparation. Whereas, both adenosine and 2 ,6-diam- 
inopurine riboside were rapidly deaminated to inosine and guanosine, re- 
spectively, the adenine and 2 ,6-diaminopurine remained unchanged (Table 
III) even in the presence of xanthine oxidase. It would appear, therefore, 
that adenosine and 2,6-diaminopurine riboside can be formed from the 
reaction of their respective bases with ribose-1-phosphate in the presence 
of nucleoside phosphorylase. More direct proof for these reactions will 
depend upon further purification of the nucleoside phosphorylase from 
contaminating adenosine deaminase. 

Other Properties of Enzyme—Uric acid, orotic acid, thymine, uracil, and 
cytosine were tested as substrates for nucleoside phosphorylase under con- 
ditions identical to those described in Table I. No evidence for the oceur- 
rence of any reaction was obtained. Inorganic phosphate was not released, 
nor were any ribosides detectable on the paper chromatograms. 

The nucleoside phosphorylase (300 units) had no phosphatase activity 
towards inosinic acid. Similarly, ribose-l-phosphate and _ ribose-5-phos- 
phate were neither dephosphorylated nor interconverted by the nucleoside 
phosphorylase preparation. ‘This preparation is, therefore, suitable for 
many metabolic studies for which more impure preparations, which contain 
phosphatase and phosphoribomutase activity, are not. 


DISCUSSION 


The synthesis of nucleotides from their nucleosides has been demon- 
strated in the case of adenylic acid (21, 22), 2,6-diaminopurine ribotide 
(22), and 5-amino-4-imidazolecarboxamide ribotide (7). Previous workers 
had found that guanosine, xanthosine, and inosine could all be synthesized 
from the free base and ribose-1-phosphate in the presence of mammalian 
nucleoside phosphorylase. The conversion of these nucleosides to their 
nucleotides, however, has never been demonstrated. The observations 
reported here that nucleoside phosphorylase will also catalyze the synthesis 
of adenosine, 2 ,6-diaminopurine riboside, and 5-amino-4-imidazolecarbox- 
amide riboside establishes for the first time a complete sequence of reactions 
for the conversion of free bases to their respective nucleotides via the nu- 
cleosides. 

On the basis of experiments with radioactive carboxamide (23) and with 
inosinie acid and radioactive formate (24) in pigeon liver, the postulation 
has been made that the elements of ribose and phosphate are added to the 
carboxamide prior to ring closure with formate. The present experiments, 
demonstrating the conversion of carboxamide to its riboside, and the experi- 
ments of Greenberg (7), demonstrating the phosphorylation of the riboside 
to the ribotide and its formylation to inosinic acid, provide further experi- 
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mental evidence in support of the above metabolic pathway for the conver- 
sion of the carboxamide to its ribotide and to inosinic acid in pigeon liver, 

Inosinic acid is synthesized from hypoxanthine, however, by a second 
mechanism. In this case, hypoxanthine is converted to the nucleotide 
without prior formation of inosine (25, 26). The synthesis of adenylic 
acid and the ribotide of orotic acid likewise may occur by the direct reaction 
of adenine or orotic acid with a pyrophosphate ester of ribose-5-phosphate 
(27-29). 

There are, then, at least two clearly defined reaction sequences by which 
nucleotides may be formed from their bases. It is expected that informa- 
tion gained by a study of these reactions will be of use in isolating the sys- 
tem responsible for the synthesis of glycinamide ribotide, a precursor of 
inosinic acid (30). 


The authors wish to thank Miss Haline C. Wasilejko for her valuable 
technical assistance. 


SUMMARY 


1. Nucleoside phosphorylase has been purified 150- to 200-fold from 
extracts of beef liver acetone powder. 

2. It has been demonstrated that nucleoside phosphorylase catalyzes the 
synthesis of 5-amino-4-imidazolecarboxamide riboside from 4-amino-5- 
imidazolecarboxamide and ribose-1-phosphate. 

3. Evidence has been presented which indicates that adenine and 2,6- 
diaminopurine are also substrates for nucleoside phosphorylase. Uric acid, 
orotic acid, thymine, cytosine, and uracil will not serve as substrates for 
the enzyme. 
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PHOTOMETRIC DETERMINATION OF FATTY ACID ESTER 
GROUPS IN PHOSPHOLIPIDES 


By MAURICE M. RAPPORT ann NICHOLAS ALONZO 


(From the Division of Laboratories and Research, New York State Department of 
Health, and the Sloan-Kettering Division, Cornell University 
Medical College, New York, New York) 


(Received for publication, April 11, 1955) 


In order to facilitate a study of chromatographic separation of phospho- 
lipides currently in progress in this laboratory, a simple, rapid, colorimetric 
analysis was required which would be applicable to quantities of less than 
1 mg. of material. For this purpose, we examined the reaction of hydroxy]- 
aminolysis of the carboxyl ester linkages, followed by formation of colored 
ferric hydroxamic acid complexes, according to the modification of Korn- 
berg and Pricer (1). This method was not satisfactory, since large vari- 
ations were encountered in the color yields obtained with various naturally 
occurring phospholipides, the color was not stable, and the effects produced 
by changes in the quantity of color-producing reagent were considerable. 

Goddu, LeBlanc, and Wright (2) carried out an extensive study of the 
factors affecting the reaction. They found that color stability and maxi- 
mal color yield were obtained with a final ferric ion concentration greater 
than 0.002 m and a final hydrogen ion concentration less than 0.6 m._ In- 
stead of the complex reagent of Hill (3), commercially available ferric per- 
chlorate has been found to be satisfactory (2, 4). 

We have studied the combination of these modifications with those of 
Kornberg and Pricer to determine ester groupings in phospholipides, both 
natural and synthetic, and have found the revised method to be completely 
satisfactory for characterizing small quantities of material with respect to 
convenience, sensitivity, and reproducibility. 


EXPERIMENTAL 


Reagents— 
1. Ether. Reagent grade absolute ether (Merck) purchased in bottles 


is used. Absolute ether purchased in cans gave high blank values which 
could not be reduced to a satisfactory level either by distillation or shaking 
with acidified ferrous sulfate. 

2. Ethanolic hydroxylamine hydrochloride. A 3 per cent solution in 
95 per cent ethanol is prepared by dissolving 1.0 gm. of hydroxylamine 
hydrochloride in 1.7 ml. of water and adding 32.3 ml. of absolute ethanol. 
This solution is prepared fresh daily. 
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3. Ethanolic sodium hydroxide. A 3 per cent solution in 95 per cent 
ethanol is prepared by dissolving 1.0 gm. of sodium hydroxide in 1.7 ml, 
of water and adding 32.3 ml. of absolute ethanol. This solution is prepared 
fresh daily. 

4. Alkaline hydroxylamine solution. Equal volumes of the ethanolic 
hydroxylamine hydrochloride and the ethanolic sodium hydroxide are 
mixed. After several minutes, the precipitate of sodium chloride is removed 
by gravity filtration through Whatman No. 1 paper. The reagent is stable 
for about 5 hours. 

5. Ethanolic acid ferric perchlorate. This reagent is prepared by dis- 
solving 0.50 gm. of ferric perchlorate (ferric perchlorate, non-yellow, G,. 
Frederick Smith Chemical Company, Columbus, Ohio) in a solution con- 
taining 487 ml. of 95 per cent ethanol and 13 ml. of 70 per cent perchloric 
acid (Mallinckrodt, reagent grade). The pale yellow solution is stored in 
a brown bottle in the refrigerator and is stable for at least 2 weeks. 


Procedure 


A sample of the phospholipide (usually an aliquot of a solution in ethanol, 
toluene, or chloroform-methanol) is introduced into a 20 K 90 mm. test- 
tube, and the solvent is removed by evaporation under reduced pressure 
or with a stream of nitrogen or carbon dioxide. From this point on each 
tube is treated individually through the addition of the acid ferrie perchlo- 
rate reagent. To the dry residue, 3.0 ml. of ether are added, and the tube 
is swirled to dissolve or suspend the material. Then, 0.1 ml. of the alkaline 
hydroxylamine solution is added. After mixing, the solvent is evaporated 
just to dryness in a water bath at 62-68° with shaking to prevent bumping. 
This operation requires 1 minute and is carried out in a hood. The tube 
is then evacuated with a good aspirator until the pressure is below 30 mm., 
which removes the last traces of ethanol and thus permits the volume to be 
determined by the quantity of the final reagent. 6.0 ml. of the acid ferric 
perchlorate solution are then added, care being taken to wash down the 
walls of the tube. Less than 3 minutes are required from the addition of 
ether to the addition and mixing of the final reagent. The color can be 
measured at any time up to several hours, but is usually determined after 
30 minutes at 530 my against 95 per cent ethanol with a Coleman model 14 
(6-304B cuvettes) or a Beckman model DU spectrophotometer (1 cm. cell). 


Results 


Ferric hydroxamic acids derived from naturally occurring phospholipides 
have an absorption maximum close to 530 my rather than at 520 my as 
observed with derivatives of saturated fatty acids (1, 5, 6); the actual 
differences in absorbance are almost negligible since the maximum is broad. 
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A plot of optical density versus concentration determined with both the 
‘gleman and Beckman instruments over the concentration range 0.1 to 
0.9 mg. is presented in Fig. 1. The straight lines show that the relationship 
follows Beer’s law. The high degree of precision of the method is also 
indicated in Fig. 1; each concentration was determined in triplicate and 
all points are represented in the plot. The limit of sensitivity may be 
judged from the values, since the optical density of the reagent blank read 
against ethanol is about 0.030 with the Coleman, 0.018 with the Beckman 


instrument. 
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QUANTITY PHOSPHOLIPIDE - Micrograms 
Fic. 1. Optical density versus quantity of phospholipide determined with egg 
lecithin. 


The results obtained with twelve phospholipide preparations are pre- 
sented in Table I. Two quantities are shown for each preparation: the 
absorbance per mg. of material measured with the Coleman model 14 spec- 
trophotometer, and the molecular extinction (ep) related to the phosphorus 
content calculated from the optical density (D) measured in the Beckman 
instrument in 1 em. cells. It has been found that for this method the rela- 
tion between the two instruments is 


D Coleman (6-304B cuvettes) 


= 1.50 to 1.60 
D Beckman (1 em. cell) ss 


The preparations studied include five lecithins: two derived from hen’s 
egg, one from yeast, one of vegetable origin (presumably soy bean), and 
one prepared by synthesis. Two preparations of phosphatidyl serine were 
also studied: one isolated from ox brain, the other prepared by synthesis. 
A synthetic preparation of phosphatidyl ethanolamine is shown. We have 
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included three preparations of cardiolipin, all of proved serological uni- 
formity, and a preparation of lysolecithin obtained by enzymic cleavage of 
yeast lecithin. The phospholipides known to contain two ester groups per 
atom of phosphorus all have values of ep of about 2000 sq. cm. per mole, 
ranging from 1920 for the yeast lecithin to 2250 for the synthetic lecithin, 


TABLE I 


Color Yield and Molecular Extinction of Carborylic Acid Ester Groups of Naturally 
Occurring and Synthetic Phospholipides 


Molecular 
No. permg. (Coleman) phosphorus) 

(Beckman) 
per cent Sq. Cm. per mole 

1 Phosphatidyl choline,| Egg 3.92 0.680 2090 
Sample 1 

2 | Phosphatidyl choline, 4.03 0.657 1960 
Sample 2 

3 | Phosphatidyl choline,| Vegetable 3.98 0.670 2120 
Sample 3 

4 | Phosphatidyl choline,| Yeast 4.05 0.647 1920 
Sample 4 (dipalmi- 
toleyl) 

5 | Phosphatidy] choline, Synthetic 4.28 0.800 2250 
Sample 5 (dimyris- 
toyl) 

6 | Phosphatidy! serine, | Ox brain 3.74 0.610 1960 
Sample 1 

7 | Phosphatidyl serine, | Synthetic 3.94 0.690 2100 
Sample 2 (distear- 
oyl) 

8 | Phosphatidyl ethanol- ” 4.93 0.860 2100 
amine (dimyristoy]) 

9 | Cardiolipin, Sample 1 | Ox heart 4.15 0.761 2200 

10 4.27 0.764 2160 

11 4.12 0.751 2190 

12 | Lysolecithin (mono- 5.87 | 0.480 980 
palmitoley]) | 


The lysolecithin has a value of ep of 980. ‘The values are those to be ex- 
pected for compounds of this type, since the molecular extinction of the 
ferric hydroxamic acid complex of a long chain fatty acid is about 1000 
(1,2). Inasmuch as the effect of fine structure of fatty acids on the molec- 
ular extinction is not yet known, the preparations show a very satisfactory 
degree of conformity, and it does not appear warranted to interpret small 
deviations as indications of contaminating substances. However, the 
usefulness of this analysis as a criterion of purity may be judged from the 
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following two cases. A specimen of vegetable lecithin after extensive puri- 
fication had a value of ep of 1760. Subjecting this preparation to chro- 
matography on aluminum oxide according to Hanahan ef al. (7) revealed 
the presence of about 25 per cent of lysolecithin; the value of ep for the 
pure lecithin fraction was 2020. A specimen of cardiolipin (with ep = 
2200) subjected to chromatography on silicic acid showed the major com- 
ponent (60 per cent) to have ep = 1990, with a faster moving component 
of ep = 2660, and a slower moving component of ep = 3330. Since these 
¢» values are based upon phosphorus content, a high value may indicate 
either ester-containing compounds which are free of phosphorus or com- 
pounds having ester groups in excess of two per atom of phosphorus. The 
differentiation can be made on the basis of phosphorus content. In the 
ease of the cardiolipin fractionation, both fractions with elevated ep values 
had a low phosphorus content. 


DISCUSSION 


Most microanalytical methods used as criteria of homogeneity or purity 
of phospholipides are concerned with the polar part of the molecule. Ex- 
amination of the non-polar portion frequently reveals the presence of con- 
taminants not otherwise detectable. This is particularly true for mixtures 
of lecithin and lysolecithin, of cephalin and lysocephalin, and, in general, 
of fully esterified lipides and their partially hydrolyzed derivatives. The 
method described in this paper should be of considerable service in fulfilling 
the need for characterization based on the non-polar part of the molecule. 
The value of such characterization is strikingly displayed in the accom- 
panying paper, in which it led to identification of phosphatidal choline as 
the major constituent of beef heart lecithin. 

The method has been so designed that an increase in sensitivity is readily 
attainable simply by decreasing the quantity of acid ferric perchlorate re- 
agent. Thus, if Beckman cells of 1 ml. capacity are employed, the use of 
1 ml. of acid ferric perchlorate reagent serves to increase the sensitivity 
6-fold, permitting measurement of as little as 20 y of phospholipide. This 
is within the range of the most sensitive tests for phosphorus, and hence we 
now have stoichiometric methods suitable for characterizing both polar 
and non-polar parts of the phospholipide molecule at the microgram level. 
Such characterizations with economy of material permit us to follow the 
course of chromatographic separations very precisely. For example, in 
the chromatographic purification of lecithin according to Hanahan e¢ al. 
(7) we have found that lysolecithin is eluted immediately after the lecithin 
fraction.' The determination of the ratio of ester group to phosphorus for 
each fraction permits very sharp separations to be made. 


‘Rapport, M. M., and Lerner, B., unpublished studies. 
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This analytical method should be particularly helpful in the study of 
blood lipides according to the chromatographic procedure of Fillerup and 
Mead (8). Since the substances in each class separated (sterol ester, tri- 
glyceride, sterol, fatty acid, phospholipide) contain either carboxylic ester 
groups or groups which are readily esterified, the determination of ester 
content can serve to control the sharpness of the separations as well as to 
characterize the fractions. 

We have also found this colorimetric estimation of ester groups to be 
useful in the measurement of lecithinase A activity (9). 


We are very much indebted to Dr. Erich Baer, University of Toronto, 
for the three synthetic phospholipides, to Dr. Donald J. Hanahan, Univer. 
sity of Washington, for dipalmitoley! and monopalmitoley! lecithin, to Dr. 
Mary C. Pangborn, Division of Laboratories and Research, New York 
State Department of Health, and Mr. S. Rosenberg, Sylvana Chemical 
Company, for preparations of egg lecithin and cardiolipin. We wish fur- 
ther to acknowledge the assistance of Mr. Bernard Lerner in the prepa- 
ration of vegetable lecithin. 


SUMMARY 


A photometric micromethod to determine carboxylic acid ester groupings 
in phospholipides is described. ‘This method, which is based on hydroxyl- 
aminolysis followed by measurement of the liberated hydroxamic acid, has 
been applied to twelve preparations of phospholipides of natural and syn- 
thetic origin including lecithin, phosphatidy! serine, phosphatidyl ethanol- 
amine, cardiolipin, and lysolecithin. The results show the method to be 
very useful for characterization of small quantities of substances in these 
classes. 
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IDENTIFICATION OF PHOSPHATIDAL CHOLINE AS THE 
MAJOR CONSTITUENT OF BEEF HEART LECITHIN 


By MAURICE M. RAPPORT anno NICHOLAS ALONZO 


(From the Division of Laboratories and Research, New York State Department of 
Health, and the Sloan-Kettering Division, Cornell University 
Medical College, New York, New York) 


(Received for publication, April 11, 1955) 


In the course of a study of the analytical determination of ester groupings 
in naturally occurring phospholipides, we found that a specimen of beef 
heart lecithin, prepared according to the method of Pangborn (1), regularly 
gave ester values considerably below those obtained with egg lecithin. The 
preparation was presumably pure, since it was colorless, free of amino 
nitrogen, had a molar N:P ratio of 1, and was satisfactory for serological 
analysis by stringent requirements (2). We were at the time primarily 
concerned with the chromatographic isolation of the naturally occurring 
plasmalogens from beef muscle (3) and were thus led to examine the prep- 
aration by a quantitative modification of the Schiff test for aldehyde-con- 
taining phospholipides. The rather startling result was that the specimen 
of beef heart lecithin was as chromogenic as any we had obtained by chro- 
matographic separation, and the color yield was considerably in excess of 
that of a specimen of crystalline brain acetal phospholipide isolated by 
Thannhauser, Boncoddo, and Schmidt (4). 

Since the reliability of the Schiff test as a measure of aldehyde content 
in the presence of unsaturated structures is somewhat doubtful (5), an 
independent method of confirmation of aldehyde content was required. 
We therefore applied the quantitative method of Korey and Wittenberg 
(6), based on p-nitrophenylhydrazone formation, which showed that the 
aldehyde content was approximately the same as that of crystalline brain 
acetal phospholipide and equal to at least 0.5 mole of aldehyde per atom of 
phosphorus. We have now determined the aldehyde content of nine differ- 
ent beef heart lecithin preparations both by this method and the Schiff 
reaction. The uniformity of results establishes the presence of a choline- 
containing plasmalogen as the major constituent of beef heart lecithin. 
In view of the very close relationship of the naturally occurring aldehyde- 
containing phospholipides to phosphatidy! choline and phosphatidyl etha- 
nolamine, we propose to call them phosphatidal choline and phosphatidal 
ethanolamine. 
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EXPERIMENTAL 
Methods 


Our modification of the Schiff reaction is as follows: A dry sample of 
50 to 150 y of phospholipide is dissolved in 4 drops of ethanol or diethy! 
ether. To this is added 1 ml. of 1 per cent mercuric chloride in 95 per cent 
acetic acid. After cooling to 12° in an ice water bath, 5 ml. of fuchsin. 
sulfurous acid reagent (7) at 12° are added, and the mixture is shaken, 
The tubes are kept in a 12° bath and read after 20 minutes in a Coleman 
model 14 spectrophotometer at \ = 585 my against water (No. 6-304B eu- 
vettes). The color is stable. A precipitation blank employing only sul- 
furous acid reagent (7) is run simultaneously. This blank is unnecessary 
for studies of beef heart lecithin. While the pigment, on examination in 
a strong light, may be seen to be present as a colloidal suspension of exceed- 
ingly fine particles, the solutions appear optically clear. The different 
behavior of phosphatidal ethanolamine and phosphatidal choline in this 
reaction suggests that the pigment contains the bulk of the phospholipide 
rather than solely the fatty aldehyde. 

The aldehyde content by p-nitrophenylhydrazone formation was deter- 
mined according to Korey and Wittenberg (6), modified as follows: To a 
sample of 100 to 200 y of phospholipide in 1.6 ml. of 95 per cent ethanol, 
0.2 ml. of freshly prepared 0.02 mM p-nitrophenylhydrazine in 95 per cent 
ethanol is added, followed by 0.2 ml. of 1.0 \ sulfuric acid. The solution 
is heated at 70° for 20 minutes and cooled. Then 1 ml. of water and 2.00 
ml. of n-hexane are added. After shaking several minutes, the aqueous 
layer is removed. ‘The hexane layer is washed twice with 2 ml. portions 
of water and centrifuged. A 1.50 ml. aliquot of the hexane solution is 
evaporated almost to dryness and dissolved in 3.5 ml. of 95 per cent ethanol. 
The absorbance is measured with the Beckman spectrophotometer at \ = 
390 my against 95 per cent ethanol; slit width 0.3 mm. The molecular 
extinction of the p-nitrophenylhydrazone of n-decaldehyde was observed 
to be 22,400 (sq. cm. per mole) with our apparatus, instead of 23,500 as 
given by Korey, Wittenberg, and Swenson.' 

Ester groups were determined by the method of Rapport and Alonzo 
(8). Amino nitrogen was determined according to Lea and Rhodes (9), 
choline by the method of Appleton ef al. (10), glycerol by that of Blix (11), 
nitrogen by the micro-Kjeldahl procedure, and phosphorus by a modifi- 
cation of the method of Beveridge and Johnson (12). Todine numbers were 
obtained by the method of Yasuda (2). 


' Korey, 8S. R., Wittenberg, J. B., and Swenson, F. H., in preparation. We wish 
to thank Dr. Wittenberg and Dr. Korey for giving us the details of the method and 
permitting us to read their manuscript prior to publication. 
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Beef Heart Lecithin 


The beef heart lecithin preparations were isolated by the method of 
Pangborn (1), which involves the following steps. A methanol extract of 
minced heart is precipitated with barium chloride. To the filtrate from 
this precipitate, cadmium chloride is added. The washed precipitate is 
then reprecipitated from chloroform solution with ethanol four times. 
The cadmium chloride is removed by extracting a chloroform solution with 
30 per cent aqueous ethanol until chloride-free. An ether solution ob- 
tained after removal of the chloroform is partially precipitated with acetone 
at 0° (0.2 volume). An ethanol solution of the soluble material is neutral- 
ized with barium hydroxide and the barium removed with carbon dioxide. 
The soluble fraction is reprecipitated as the cadmium chloride salt twice, 
and this salt is precipitated from chloroform solution with ethanol three 
times. ‘The precipitate is dissolved in the petroleum ether and the lecithin 
fraction extracted with 80 per cent aqueous ethanol. After concentration 
of the aqueous ethanol solution and chilling, a precipitate is obtained which 
js dissolved in chloroform. Cadmium is removed, and the residue is dis- 
solved in ethyl ether-acetone (5:1). Insoluble material is removed and the 
solvent evaporated. The colorless residue is dissolved and stored in abso- 
lute ethanol. All preparations are free of amino nitrogen, have N:P molar 
ratios of 1 (0.97 to 1.03), and contain | mole of glycerol and 1 mole of cho- 
line per gm. atom of phosphorus. The iodine numbers range from 79 to 


86. 
RESULTS AND DISCUSSION 


All analyses represent averages of duplicate determinations. The phos- 
phorus content for nine preparations of beef heart lecithin and the molecular 
extinctions (based on phosphorus) for aldehyde as nitrophenylhydrazone 
and ester as ferric hydroxamic acid are shown in Table I. The Schiff re- 
action for aldehyde, recorded as molar absorptivity, is also based on phos- 
phorus content (Coleman, optical density per 31 gm. of P). The aldehyde 
measured by the Schiff reaction parallels the aldehyde measured by p- 
nitrophenylhydrazone formation, the ratio (next to last column) ranging 
from 300 to 320, average 310. If 22,400 is taken as the molecular extine- 
tion, the aldehyde recovery as p-nitrophenylhydrazone averages 51 per 
cent of a mole of aldehyde per atom of phosphorus. From a specimen of 
crystalline acetal phospholipide (4), 53 per cent of the aldehyde was re- 
covered. From a stoichiometric standpoint the p-nitrophenylhydrazone 
method indicates a minimal aldehyde content; furthermore, a chain length 
of 12 carbon atoms is required to recover 80 per cent of the derivative 
through the successive extractions.' The recovery of 51 per cent of the 
theoretical yield of aldehyde therefore shows that the aldehyde in beef 
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heart lecithin is indeed a higher fatty aldehyde. Comparing this figure 
with that obtained with crystalline acetal phospholipide suggests that the 
molar ratio of aldehyde to phosphorus may be appreciably greater thap 
0.5. Inasmuch as the aldehyde methods are not strictly stoichiometric, 
no criterion exists for judging the quantity of phosphatidy! choline, the 
most probable other constituent, in these preparations. The percentages 
of phosphorus and nitrogen show that there are two long fatty chains jp 
both molecules; analyses for groups other than aldehyde or ester will there- 
fore not differentiate the two species. The ester group analysis (Table J) 
reveals only relatively small differences among the nine preparations, the 
values being about 70 per cent of those observed for phosphatidy! choline 


Tasie I 


Schiff Aldehyde, Nitrophenylhudrazone Aldehyde, and Ester Analyses of 
Beef Heart Lecithins 


- 
— 


"tae Schiff, molar | Nitrophenyl- | > Schiff | 
Preparation | Phosphorus | act | \PH | 
per cent | | ie 
1 4.01 | 3.60 | 1.17 1.42 3.1 0.12 
2 1.04 1.44 | 3.0 O.14 
3 3.98 | 3.60 1 20 1.42 3.0 0.12 
4 4.06 3.84 1.19 1.46 3.2 0.12 
5 4.05 | 3.56 1.16 1.31 3.1 O11 
6 4.05 | 3.63 1.18 1.35 3.1 0.11 
7 om 3.66 1.16 1.31 3.2 0.11 
8 4.02 | 3.50 1.18 1.42 3.0 0.12 
1.07 3.1 0.13 


4.01 | 3.28 39 


(8). These results indicate that the second fatty (non-aldehyde) chain is 
probably attached to the glycerol as an ester to form a structure analogous 
to that of lecithin. The value of the ratio of ester groups to p-nitrophenyl- 
hydrazone should distinguish phosphatidal choline from phosphatidy! cho- 
line, since it would be infinitely large for the latter, while theoretically in 
the neighborhood of 0.045 (1000,22,400) for a molecule containing one 
ester group and one fatty aldehyde. The values observed for this ratio 
do not show much variation, averaging 0.12 (0.11 to 0.14). The quantity 
of phosphatidyl choline present in beef heart lecithin prepared by the 
method of Pangborn must therefore be relatively smal! and relatively con- 
stant. 

If these beef heart lecithins contain only the two components, phospha- 
tidal choline and phosphatidyl! choline, we may estimate the quantity of 
each from the data in Table I. The average value for molar absorbance 
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of ester groupings is 1390, while the average molar recovery of aldehyde 

ps is 0.51. If we assume the molar absorbance for one ester grouping 
to be 1000, then that for phosphatidal choline would be 1000, while that 
for phosphatidy! choline would be 2000. ‘The observed value of 1390 would 
then correspond to 39 per cent lecithin and 61 per cent aldehyde-containing 
phospholipide. The molar recovery of aldehyde of 0.51 would then repre- 
sent an actual recovery of 84 per cent of the available aldehyde. If the 
phosphatidal choline molecule should eventually be found to yield an ester 
value in excess of 1000 or if the actual recovery of aldehyde as p-nitro- 
phenylhydrazone from this substance should subsequently be found to be 
less than S84 per cent, the actual phosphatidyl! choline content of beef heart 
lecithin would correspondingly drop below 39 per cent. Experiments de- 
signed to test these possibilities by studying the reactivity of hydrolytic 
products are in progress. 

During this study our attention was called to the report of Hack (13) 
indicating the presence of an aldehyde-containing phospholipide in beef 
heart lecithin by paper chromatography and to that of Klenk and Gehr- 
mann (14) offering indirect evidence for the presence of a choline-containing 
plasmalogen in beef heart muscle. 

It is perhaps worth noting that for serological purposes beef heart lecithin 
with its high content of phosphatidal choline is as effective as egg lecithin 
(15), suggesting that the rdéle of lecithin in these reactions depends on cho- 
line combined in a large polar-non-polar molecule, rather than on the spe- 
cific structure represented by phosphatidyl choline. 


We wish to thank Dr. Mary C. Pangborn, Division of Laboratories and 
Research, New York State Department of Health, and Mr. S. Rosenberg, 
Sylvana Chemical Company, for the beef heart lecithin preparations used 
in this study. We are indebted to Dr. Gerhard Schmidt, Boston Dispen- 
sary, for a specimen of crystalline brain acetal phospholipide. 


SUMMARY 


Preparations of beef heart lecithin, free of amino nitrogen and containing 
| mole of nitrogen, choline, and glycerol per gm. atom of phosphorus, were 
found to yield an average of 0.51 mole of fatty aldehyde as p-nitrophenyl- 
hydrazone. This corresponds to a minimum of 61 per cent phosphatidal 
choline based on the content of ester groups in these preparations. Ele- 
mentary analysis and ester group content show the aldehyde-containing 
phospholipide to have two fatty chains, one of which is linked as a carbox- 
ylic acid ester. In the Schiff test, phosphatidal choline is exceedingly re- 


active, and the quantitative results obtained with both aldehyde reactions 
were found to correspond satisfactorily. 
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THE INFLUENCE OF VITAMIN E DEFICIENCY ON THE 
METABOLISM OF SODIUM FORMATE-C" AND 
GLYCINE-1-C" BY THE RABBIT* 


By JAMES 8. DINNING, JOHN T. SIME, ann PAUL L. DAY 


(From the Department of Biochemistry, School of Medicine, University of 
Arkansas, Little Rock, Arkansas) 


(Received for publication, March 21, 1955) 


Several recent reports from this laboratory have implicated vitamin E in 
the metabolism of the nucleic acids. It was shown that vitamin E-deficient 
rabbits excrete extra quantities of allantoin (1) and that the livers from such 
animals exhibit greatly increased xanthine oxidase activities (2). Finally it 
has been shown that vitamin E deprivation in the rat leads to an increased 
incorporation of formate into nucleic acids (3). The combined results of 
these experiments have been interpreted to indicate that the turnover rate 
of nucleic acids is increased in vitamin E deficiency. 

The present report is concerned with the influence of vitamin E deficiency 
on the metabolism of glycine and formate by the rabbit. The results indi- 
cate that vitamin E may be somewhat specifically concerned with formate 
metabolism. 


EXPERIMENTAL 


White New Zealand rabbits, weighing initially about 600 gm., were given 
the same purified diet previously described (1). Controls received this 
diet with oral supplements of 4 mg. of a-tocopherol acetate per kilo of body 
weight two times weekly. Vitamin E-deficient rabbits were selected for 
experiment when they exhibited signs of muscular dystrophy. These signs 
included a urinary creatine-creatinine ratio of approximately 3:1 (4) and 
difficulty in righting itself after the rabbit was placed on its side. This con- 
dition occurred after from 3 to 4 weeks of feeding. Each experiment with 
a deficient rabbit included a control which had received the diet with vita- 
min E supplementation for the same period of time as the deficient animal. 

For the experiments in which the incorporation of the radioactive sub- 
strates into tissue nucleic acids and proteins was studied, the rabbits were 
injected intraperitoneally with either 10 ye. of glycine-1-C™ (specific ac- 
tivity, 0.58 me. per mmole) or sodium formate-C" (2.85 me. per mmole) per 
100 gm. of body weight. The animals were killed 4 hours later and the 
various organs and tissues were immediately frozen in a dry ice-acetone 
mixture. 


* This work was supported by research grant No. A-721 from the National In- 
stitutes of Health, Public Health Service. 
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In the first experiments the tissues were fractionated by the Schneider 
procedure (5). An aliquot of the nucleic acid fraction was evaporated for 
counting and another aliquot was wet ashed for phosphorus determination, 
The protein fraction was dried and counted and corrected to infinite thin. 
ness. All samples were counted with an end window Geiger tube with a 
window thickness of 2 mg. per sq.cm. Three rabbits in each group (a total 
of twelve rabbits) were used in these experiments. 

In other experiments, bone marrow and skeletal muscle from two con- 
trol rabbits and two vitamin E-deficient rabbits which had been injected 
with formate-C™ were pooled separately. Nucleic acids were extracted 
with hot 10 per cent NaC! and fractionated into ribonucleic (RNA) and 
deoxyribonucleic (DNA) acid fractions by the alkaline digestion method 
(6), according to the procedure previously described for rat liver (3). 

The next experiments were designed to compare the incorporation of for- 
mate and glycine into acid-soluble and nucleic acid purines. The combined 
viscera from two control rabbits and from two vitamin E-deficient rabbits 
receiving either glycine-1-C' or sodium formate-C" were pooled separately. 
After homogenization with an equal volume of cold H,O, the tissue was ex- 
tracted two times with 5 volumes of cold 10 per cent trichloroacetic acid 
(TCA). The acid-soluble nucleotides contained in these extracts were hy- 
drolyzed with H2SO, as described by Heinrich and Wilson (7). The pu- 
rines were precipitated as the copper salts (8) and free purines were regen- 
erated with H.S. The pH of the purine solution was adjusted to 7, and an 
equal volume of saturated picric acid was added. The adenine picrate was 
subjected to several recrystallizations and counted as such. The tissue 
residue remaining after extraction of acid-soluble material was extracted 
with hot 10 per cent NaCl. The sodium nucleates, which were precipi- 
tated with cold 95 per cent ethanol, were hydrolyzed with H2SO,, and gua- 
nine sulfate and adenine picrate were prepared and purified as described 
by Plentl and Schoenheimer (9). Self-absorption curves were prepared 
for adenine picrate and guanine sulfate, and all counts were corrected to 
infinite thinness. 

In order to study the oxidation of formate-C™ and glycine-1-C™ to CO;, 
control and vitamin E-deficient rabbits were injected with 2.5 ye. per 
100 gm. of body weight of either of these substrates and placed in desic- 
cators connected with a gas train. Expired CO, was collected in 5 n NaOH, 
and then precipitated and counted as barium carbonate. A self-absorp- 
tion curve for barium carbonate was prepared and the counts were cor- 
rected to infinite thinness. There were two or three rabbits in each group. 

Since knowledge of relative pool size is important in experiments in vivo 
such as these, the concentration of free glycine in various tissues of control 
and vitamin E-deficient rabbits was determined. The tissues were ex- 
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tracted with cold 10 per cent TCA and the glycine content of the extract 
was determined by a chemical procedure (10). There were three rabbits 


in each group. 
Results 


The data presented in Table I show that vitamin E deficiency resulted 
in a greatly increased incorporation of formate into the nucleic acids of all 
tissues studied except liver. The increase was most marked in skeletal mus- 
cle and bone marrow. Skeletal muscle is known to be severely affected by 
vitamin E deficiency in the rabbit. Since vitamin E-deficient rabbits ex- 
hibit granulocytosis (11), it is not surprising that the incorporation of for- 
mate into bone marrow nucleic acids was greatly increased. The lack of 


TABLE 
Specific Activities of Nucleic Acids 
The results are expressed as counts per minute per micromole of P. 


Formate-C™ injected Glycine-1-C™ injected 
Tissue 
Control E-defieient Control Evdeheient 

Skeletal muscle... 5.3 41.9 16.4 14.8 
39.5 271.3 45.9 25.6 
Small intestine................. 18.0 82.7 20.7 12.6 
8.6 35.5 12.9 6.8 
29.1 20.4 24.6 4.6 


effect in liver may indicate that, during the relatively short feeding periods 
employed, the liver content of vitamin E was not severely reduced. 

In striking contrast to the results with formate, vitamin E deficiency did 
not result in an increased incorporation of glycine-1-C" into nucliec acids. 
Actually vitamin E-deficient rabbits incorporated less glycine into nucleic 
acids than did the controls. 

Vitamin E deficiency influenced the incorporation of the two radioactive 
substrates into proteins in a manner quite similar to the effect observed in 
nucleic acids. In the data presented in Table II, the deficient rabbits in- 
corporated much more formate into the protein of skeletal muscle and bone 
marrow than did the controls. When glycine-1-C' was injected, the defi- 


cient animals incorporated less of the label into the protein of most tissues 
than did the controls. 

Since vitamin E deficiency appeared to have its greatest effect on the in- 
corporation of formate into the nucleic acids of skeletal muscle and bone 
marrow, these two tissues were fractionated into RNA and DNA fractions. 
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The results are given in Table III. With both tissues there was a greater 
incorporation of formate into DNA than into RNA. In the case of bone 
marrow this may reflect the incorporation of formate into thymine (12), 
Vitamin E deficiency led to an increased incorporation of formate into both 
types of nucleic acid. This is similar to the result observed in rat liver (3), 
The data in Table IV show that formate and glycine were incorporated 
into nucleic acid adenine and guanine to the same extent in the normal 


TaBLe II 
Specific Activities of Protein 
The results are expressed as counts per minute per mg. 


Formate-C" injected Glycine-1-C™ injected 
Tissue 
Contrt | g¥itemin | controt | 
Skeletal muscle............ 1.9 11.8 2.1 5.6 
Bone marrow................. 31.7 103.2 89.3 44.1 
Small intestine............... 19.0 41.4 53.3 15.5 
| 17.5 42.9 57.7 27.5 
TABLE III 


Specific Activities of Ribonuclete Acid and Deoryribonucleic Acid Following 
Injection of Sodium Formate-C™ 


The results are expressed as counts per minute per micromole of P. 


Ribonucleic acid | 


| Deoxyribonucleic acid 


Tissue | 
Control | Edeheient Control 
Bone marrow.................. 45.0 327.0 
Skeletal musele............... | 2.4 10.0 6.0 169.8 


animals. 


In the normal animals injected with formate, the specific activ- 


ity of acid-soluble adenine was not significantly different from that of nu- 


cleic acid adenine. 


When glycine-1-C'™ was injected, the specific activity 


of the acid-soluble adenine in the normal animal appeared to be somewhat 


higher than the nucleic acid adenine. 


The specific activities of both acid- 


soluble and nucleic acid purines following formate injections were much 
In agreement with the other experiments, 


higher in the deficient animals. 


vitamin FE deficiency resulted in a decreased incorporation of glycine-1-C" 
into purines. 
The data given in Table V show that the vitamin E deficiency resulted 
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in a slightly decreased conversion of formate to CO, and in an increased oxi- 
dation of glycine-1-C' to COs. 


TaBLeE IV 
Specific Activities of Nucleic Acid and Acid-Soluble Purines 
The results are expressed as counts per minute per mg. 


Formate-C™ injected Glycine-1-C™ injected 
Vitami Vitami 
Control E-deficient Control E-deficient 
Nucleic acid guanine sulfate... 8.5 100.0 4.4 1.4 
. “ adenine picrate... 7.9 51.0 5.1 2.9 
Acid-soluble 9.9 212.0 13.6 2.8 
TABLE V 


Specific Activities of Expired CO, 
The results are expressed as counts per minute per micromole of barium carbon- 
ate. 


Formate-C™ injected Glycine-1-C™ injected 
Interval after 
injection 
Control Vitamin E-deficient Control Vitamin E-deficient 

hrs. 

0-1 11.6 9.0 2.2 5.7 
1-2 6.1 5.7 3.4 7.7 
2-3 3.5 2.6 2.8 4.3 
3-4 1.5 1.3 2.8 3.3 
4-5 1.5 1.9 

TABLE VI 


Concentration of Free Glycine in Rabbit Tissues 
The results are expressed as mg. per 100 gm., wet weight. 


Tissue Control Vitamin E-deficient 
37 42 


Vitamin E deficiency did not consistently affect the concentration of free 
glycine as indicated by the data presented in Table VI. 


DISCUSSION 


Perhaps the most important point to be made from these experiments is 
that vitamin E deficiency in rabbits led to a greatly increased incorpora- 
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tion of formate into nucleic acid purines, but resulted in a decreased incor. 
poration of glycine into purines. This differential effect of the deficiency 
cannot be the result of changes in pool sizes. The fact that the specifi 
activities of the CO. expired following the injection of either precursor were 
not markedly affected by vitamin E deficiency indicates that there was no 
marked change in the glycine or formate pool. Also, since quite early in pu- 
rine biosynthesis glycine and formate appear to be combined (13), any 
change in the pool size of subsequent intermediates should affect the in- 
corporation of both glycine and formate in a similar manner. 

The results obtained in these experiments may be explained on the basis 
of an exchange reaction of the 2 position of the purine ring without complete 
degradation of the molecule. Such an exchange has been demonstrated in 
experiments in vitro (14). The observation (Table IV) that vitamin E de. 
ficiency had a greater effect on the incorporation of formate into acid-sol- 
uble adenine than on the incorporation into nucleic acid adenine would 
suggest that this exchange occurs at the nucleotide level. Vitamin E may 
somehow control such an exchange reaction, possibly through an effect on 
the synthesis or activity of coenzymes derived from folic acid. 


SUMMARY 


Control and vitamin E-deficient rabbits were injected with sodium for- 
mate-C" or glycine-1-C'. The deficient animals incorporated much more 
formate into nucleic acids and protein than did the controls. There was 
an increased incorporation of formate into both ribonucleic acid and deoxy- 
ribonucleic acid of skeletal muscle and bone marrow as a result of vitamin 
E deficiency. The vitamin E-deficient rabbits incorporated less glycine-|- 
C into nucleic acids and protein than did the controls. The concentra- 
tion of free glycine in tissues and the oxidation of formate to COs were not 
consistently affected by vitamin E deficiency. The deficient animals oxi- 
dized more glycine-1-C'* to CO, than did the controls. 

It is suggested that in the vitamin E-deficient rabbit there may be an 
exchange of the carbon of the 2 position of the purine ring which does not 
involve a degradation of the entire molecule. Vitamin E may control such 
an exchange reaction, possibly through an effect on coenzymes derived 
from folic acid. 
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FLUOROACETYL COENZYME A* 


By ROSCOE O. BRADY 


(From the Laboratory of Neurochemistry, National Institute of Neurological 
Diseases and Blindness, National Institutes of Health, United States 
Public Health Service, Bethesda, Maryland) 


(Received for publication, March 21, 1955) 


The increasing biochemical importance of reactions mediated by thiol 
esters of coenzyme A! leads to an interest in the possible metabolic activity 
of substituted derivatives of CoASH. Of particular interest is mono- 
fluoroacetyl coenzyme A, since fluoroacetate is a potent lethal poison. A 
partial explanation of the toxicity of fluoroacetate has come from the 
work of Liébecq and Peters (3) and Martius (4). Peters and collaborators 
(5) have elegantly demonstrated the formation of fluorocitrate which is a 
potent inhibitor of the tricarboxylic acid cycle by virtue of its competitive 
inhibition of the enzyme aconitase (6). The formation of fluorocitrate is 
presumed to be due to the activation of fluoroacetate to F-acetyl SCoA, 
which is subsequently condensed with oxalacetate in the presence of the 
condensing enzyme described by Ochoa, Stern, and Schneider (7). 

The preparation and properties of F-acetyl SCoA and its reactivity in 
various enzyme systems are described. Evidence for a fluoroacetate 
activating system different from that for acetate is reported. 


EXPERIMENTAL 


Preparation of F-Acetyl SCoA—The mixed anhydride of ethyl formate 
and flucroacetic acid was prepared by the dropwise addition of 1 equiva- 
lent of ethyl chloroformate (8) to an anhydrous solution of fluoroacetic 
acid? and 1 equivalent of pyridine in ether. The insoluble pyridine hydro- 


* Preliminary reports of this work were presented at the meeting of the American 
Chemical Society, Cincinnati (1), and at the Federation of American Societies for 
Experimental Biology, San Francisco, April, 1955 (2). 

! The following abbreviations are used: reduced coenzyme A, CoASH;; fluoroacety! 
coenzyme A, F-acetyl SCoA; acetyl coenzyme A, acetyl SCoA; triethanolamine hy- 
drochloride, TEA; tris(hydroxymethyl)aminomethane hydrochloride, Tris; adeno- 
sine triphosphate, ATP; diphosphopyridine nucleotide, DPN; reduced diphos- 
phopyridine nucleotide, DPNH; acetyl phosphate, acetyl P. 

? I am indebted to Dr. Severo Ochoa for his suggestions and interest in these ex- 
periments and for his generous gifts of fluoroacetic acid anhydride (a sample made 
available to him by Dr. E. 8S. G. Barron), crystalline condensing enzyme, and puri- 
fied malic dehydrogenase. The fluoroacetic acid anhydride was converted to the 
sodium salt for elementary analysis. Calculated, C 24.01, H 2.02, Na 22.99, F 18.99; 
found, C 23.97, H 2.17, Na 22.86, F 19.80 per cent. The fluorine determinations were 
done by Dr. I. Zipkin. 
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chloride was separated by centrifugation in the cold and the supernatant 
solution analyzed for hydroxamiec acid formation® according to Lipmann 
and Tuttle (9). A slight excess of the mixed anhydride in ether was added 
with shaking at 0° to an aqueous solution of CoASH containing 0.2 y 
KHCO; (pH 7.5). The pH was adjusted to 6.1 with dilute HCI and the 
aqueous phase extracted four times with ether saturated with water.  Fi- 
nal traces of ether were removed by bubbling nitrogen through the aqueous 
solution at room temperature. Yields of 85 to 93 per cent of the theoret- 
ical were obtained, based on the amount of CoASH acetylatable by an 
excess of acetyl P in the presence of phosphotransacetylase (10). An 
aliquot was chromatographed on paper at 4° with equal parts of ethanol 
and 0.1 m potassium acetate buffer (pH 4.5) (11). The Ry values of 
acetyl SCoA and F-acetyl SCoA were 0.60 and 0.50 respectively. Unlike 
acetyl SCoA, F-acetyl SCoA, because of its higher instability to alkali, 
gave a direct reaction when the paper chromatogram was treated with 
nitroprusside reagent (11). Elution of F-acetyl SCoA from the paper 
chromatograms was attended by serious losses of the thiol ester. The 
ultraviolet absorption spectrum of F-acetyl SCoA was identical to that of 
acetyl SCoA. F-Acetyl SCoA reacts with hydroxylamine, but the reac- 
tion proceeds to only 55 per cent completion when compared with the 
change in optical density at 232 my on base-catalyzed hydrolysis or arsen- 
olysis in the presence of phosphotransacetylase (12). Ascending paper 
chromatography of acetyl- and fluoroacetylhydroxamic acids showed R, 
values of 0.68 and 0.63, respectively, when a mixture of 37 parts of isoamy] 
alcohol, 17 parts of propionic acid, 20 parts of acetic acid, and 25 parts of 
water was employed as the developing solvent. A more suitable separa- 
tion of the hydroxamic acids was obtained by paper electrophoresis in 
which 0.02 m potassium barbital buffer (pH 7.45) was employed. The 
mobility of the acetyl- and fluoroacetylhydroxamic acids was 1.42 and 
0.91 em. per hour, respectively, towards the cathode when the potential 
drop was 8.9 volts per cm. 

F-Acetyl SCoA is less stable than acetyl SCoA and is particularly sus- 
ceptible to alkaline hydrolysis (Fig. 1). Heating at 100° for 5 minutes 
at pH 4.1 destroyed 26 per cent of the thiol ester. Acetyl SCoA is stable 
under these conditions. In the frozen state at pH 7.0, F-acetyl SCoA 
decomposes at the rate of 16 per cent per day, but is relatively stable at 
pH 6.1. 


Enzymatic Activity 


Phosphotransacetylase—F-Acetyl SCoA is rapidly arsenolyzed in the 
presence of purified phosphotransacetylase (12) (specific activity 10,000 


* I should like to express my appreciation for the helpful suggestions of Dr. Joseph 
R. Stern for the preparation of the mixed anhydride. 
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units per mg. of protein). The reaction was followed by the decrease in 
optical density at 232 mu. The reaction goes to completion in the pres- 
ence of arsenate, and at pH 7.0 is absolutely dependent upon the addition 
of the enzyme. The reaction rates for acetyl SCoA and F-acetyl SCoA 
were indistinguishable. 

Thioltransacetylase—Enzymes have been found in extracts of pigeon 
liver and Clostridium kluyveri which catalyze the transfer of the acetyl 
group of acetyl SCoA to a number of mercaptans (13). An extract of 
(. kluyveri was fractionated with the protamine sulfate and ethanol. The 
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TIME IN MINUTES 
Fic. 1. Non-enzymatic hydrolysis of acetyl and F-acetyl SCoA at 25°. The re- 
action mixtures contained 0.13 umole of acetyl or F-acetyl SCoA in 3.0 ml. of water 
and 100 umoles of potassium acetate (pH 4.5, @), TEA (pH 7.0, 0), or Tris (pH 8.1, 
O) buffer, respectively. The remaining thiol ester was measured by arsenolysis in 
the presence of phosphotransacetylase. Acetyl SCoA (broken line) was stable 
under these conditions. 


fraction precipitating between 35 and 58 per cent alcohol catalyzed the 
rapid acetylation of 2-mercaptoethanol with both acetyl and F-acetyl 
SCoA (Table I). Residual thiol ester was determined by the arsenolysis 
of the acetyl or fluoroacetyl SCoA on adding arsenate and phosphotrans- 
acetylase, since the reversal of the thioltransacetylase reaction is extremely 
slow compared with arsenolysis.4 The difference in optical density at 
232 my between the initial concentration and that found after arsenolysis 
when acetyl or F-acetyl SCoA was incubated in the presence of thioltrans- 
acetylase and 2-mercaptoethanol was ascribed to the acetylation of the 
mercaptan. 

Arylamine Acetylase—The acetylation of p-nitroaniline was followed 
by the decrease in optical density at 420 mu by using the partially purified 


‘Brady, R. O., and Stadtman, E. R., unpublished observations. 


tant 
ann | 
Ided 
2M 
the | 
Fi- | 
yret- | 
| ------------ ACETYL 
sof (4.5) | 
like 80 
cali, 
(7.0) | 
per 
he 40 - 
tof | | 
the | 
per 
Rr | 
sof | 
ira- 
in 
[he 
ind 
ble 
oA 
at 
he | 
00 | 
| 
| | 


216 FLUOROACETYL COENZYME A 


arylamine acetylase from an acetone powder of pigeon liver described by 
Tabor, Mehler, and Stadtman (14). The incubation mixtures contained 
100 umoles of potassium phosphate buffer (pH 6.8), 5 umoles of potassium 
thioglycolate, 0.1 umole of p-nitroaniline, 15 units of acetylating enzyme 
(136 units per mg. of protein), and from 0.01 to 0.3 umole of acetyl SCoA 
(60 per cent pure based on the ratio between adenine and arsenolyzable 
thiol ester) or a similar quantity of F-acetyl SCoA (38 per cent pure). 
The final total volume was brought to 1.0 ml. with water. The initia] 
velocity of the reaction with F-acetyl SCoA was much greater than with 
acetyl SCoA, and a plot of the velocity versus velocity divided by the 


TABLE I 
Acetylation of 2-Mercaptoethanol 

Mercaptan acetylated 
umole 

1 Complete system with acetyl SCoA 0.13 

‘* without acetyl SCoA 0.00 

“6  thioltransacetylase 0.00 

2 with F-acetyl SCoA 0.18 

‘* without F-acetyl SCoA 0.00 

ss thioltransacetylase 0.00 


Except as noted, the reaction mixtures contained 100 umoles of TEA buffer (pH 
6.7), 100 umoles of potassium chloride, 15 wmoles of 2-mercaptoethanol, 12 units of 
thioltransacetylase (11 units per mg. of protein), 0.4 umole of acetyl or F-acetyl 
SCoA (Experiments 1 and 2, respectively), and water to 3.0 ml. Incubation time, 
6 minutes at 25°. 


concentration of substrate, as suggested by Hofstee (15), is shown in Fig. 
2. The maximal velocity of F-acetyl SCoA was approximately 2.5 times 
that of acetyl SCoA. The Michaelis constants were 6.4 X 10-° for F- 
acetyl SCoA and 3.8 X 10-5 for acetyl SCoA, and k3;/Ky was found to be 
760 and 450 for the respective substrates. 

Citric Acid Synthesis—F-Acetyl SCoA reacts with oxalacetate in the 
presence of crystalline condensing enzyme (7) to form fluorocitrate (Fig. 
3). The reaction was followed by observing the change in optical density 
at 340 my due to the reduction of DPN in the presence of L-malate and 
malic dehydrogenase as described by Stern, Ochoa, and Lynen (16). The 
initial velocity was much more rapid with acetyl SCoA than with F-acetyl 
SCoA. However, the reactions proceeded to approximately the same 
extent. In subsequent experiments with use of 15 y of condensing en- 
zyme, the condensing reaction proceeded further with F-acetyl SCoA than 
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with acetyl SCoA. The Michaelis constant of the condensing enzyme for 
acetyl! SCoA was found to be 2.2 K 10-°. F-Acetyl SCoA appears to act 
as a typical competitive inhibitor of acetyl SCoA (Fig. 4), and the K; 


was 1.3 X 10-°. 
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Fic. 2. Acetylation of p-nitroaniline by acetyl and F-acetyl SCoA. The experi- 
mental conditions are described in the text. A plot of the initial velocity versus 
velocity divided by the concentration of substrate (15) is shown. 


? 


E 1.000 — 
ro) 
800 — = 
> 
WwW 
@ ACETYL CoA 
F-ACETYL CoA 
.200 
ro) 


© 20 40 60 80 100 120 140 160 
TIME IN MINUTES 


Fic. 3. Spectrophotometric measurement of the reaction between acetyl or F- 
acetyl SCoA and t-malate + DPN + H.0. The reaction mixtures contained 50 
umoles of TEA buffer (pH 7.0), 6.5 umoles of L-malate, 0.21 umole of DPN, 0.2 umole 
of acetyl or F-acetyl SCoA (purity 52 per cent each), 2.8 y of malic dehydrogenase 
(50,000 units per mg. of protein), and water in a total volume of 1.0 ml. The reac- 
tion was initiated by the addition of 7.8 y of crystalline condensing enzyme. Tem- 
perature 23°. 
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Evidence that the product of the reaction between F-acetyl SCoA and 
oxalacetate was indeed fluorocitrate was obtained by the assay method ! 
described by Buffa, Peters, and Wakelin (5). The procedure is based on 
the inhibition of the disappearance of citrate by a homogenate of guinea 
pig kidney cortex in the presence of fluorocitrate (Table II). The assay 
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Fic. 4. Competitive inhibition of condensing enzyme by F-acetyl SCoA. The 
reciprocal of the initial velocity is plotted against the reciprocal of acetyl SCoA con- 
centration. The conditions of incubation are similar to those for Fig. 3, except 
that 2.3 7 of condensing enzyme were employed. @, values obtained with concentra- 
tions of acetyl SCoA (purity 77 per cent) varying from 0.0075 to 0.085 umole; @, 
values obtained with the same range of acetyl SCoA concentrations in the presence 
of 0.038 umole of F-acetyl SCoA (purity 52 per cent) per vessel. There was no free 
CoASH present in the initial reaction mixtures. 


mixtures contained 200 umoles of potassium phosphate buffer (pH 7.2), 
10 wmoles of magnesium chloride, 6.6 umoles of ATP, 11.1 uwmoles of po- 
tassium citrate, 2.0 ml. of a homogenate of guinea pig kidney in 0.1 
KCl (equivalent to 250 mg. of kidney cortex), the preincubated condensing 
system reaction mixtures, and water in a total volume of 4.0 ml. After 
incubating for 30 minutes at 30°, the mixtures were analyzed for citrate 
(17). The previously incubated condensing system mixtures contained 50 
umoles of TEA buffer (pH 7.0), 6 wmoles of L-malate, 0.26 umole of DPN, 
0.13 umole of F-acety] SCoA, 2.8 y of malic dehydrogenase, 15 y of con- 
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densing enzyme where indicated, and water in a total volume of 1.0 ml. 
The preincubated mixtures were frozen overnight and subsequently allowed 
to stand at room temperature until any unused F-acetyl SCoA was hy- 
drolyzed. For assay by the kidney homogenate preparation, an aliquot 
of the preincubated mixture was used which corresponded to 0.1 umole of 
fluorocitrate measured by the reduction of DPN in the presence of L- 
malate and malic dehydrogenase. 

The kind gift of a sample of barium fluorocitrate® by Professor R. A. 
Peters permitted a study of the reversibility of the condensation of F- 
acetyl SCoA with oxalacetate (Fig. 5). The reaction appears to be only 
slightly reversible. Equilibrium measurements were not feasible, owing 
to the scarcity of authentic fluorocitrate. 


TaB_e II 
Citrate Utilization by Guinea Pig Kidney Homogenate 

Acitrate 
pmoles 

Homogenate + preincubated mixtures* without condensing 

Homogenate + preincubated mixtures* with 15 y of condensing 


*See the text for description. 


Acetoacetate Synthesis—A preparation capable of synthesizing aceto- 
acetate from acetyl P and CoASH in the presence of phosphotransacetylase 
was obtained from an extract of an acetone powder of pigeon liver accord- 
ing to the directions of Chou and Lipmann (18). The eluate from the 
protamine-precipitated fraction was dialyzed for 2} hours against 4 liters 
of a solution containing 0.001 m cysteine, 0.02 m potassium bicarbonate, 
and 0.05 per cent potassium chloride. The precipitate which formed was 
removed by centrifugation, and the supernatant fluid was found to con- 
tain the acetoacetate synthesizing system. For a suitable method of 
following acetoacetate formation, the system of Chou and Lipmann was 
coupled with an extract of acetone-dried rat liver mitochondria which 
had been dialyzed against a solution of the composition described above 
for 16 hours. The dialyzed solution was assayed according to the method 
of Lehninger and Greville (19) and was found to contain an active B- 
hydroxybutyrate oxidizing system which showed a dependence on both 
ATP and CoASH. Fig. 6 presents the result of the addition of acetyl or 


‘Synthesized by Dr. D. E. A. Rivett. 
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F-acetyl SCoA to the coupled systems in the presence of DPNH. The 
oxidation of DPNH due to the addition of the respective CoASH deriva- 
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Fig. 5. Reversibility of the condensation of F-acetyl] SCoA with oxalacetate in 
the presence of condensing enzyme. The reaction Mixture A contained 50 umoles of 
TEA buffer (pH 7.0), 0.16 umole of DPN, 0.12 umole of F-acetyl SCoA (purity 26 per 
cent), 6.5 umoles of potassium L-malate, 2.8 y of malic dehydrogenase, and water ina 
total volume of 1.0 ml. The reaction was initiated by the addition of 39 y of condens- 
ing enzyme, and 4 umoles of potassium fluorocitrate were added at Arrowl. Reaction 
Mixture B contained 25 umoles of potassium phosphate buffer (pH 7.2), 3 uwmoles of 
MgCl:, 0.16 wmole of DPN, 0.16 umole of L-malate, 5.4 7 of malic dehydrogenase, 
0.09 umole of F-acetyl SCoA, 4 wmoles of potassium fluorocitrate, and water in a 
total volume of 1.0 ml. The reaction was initiated by the addition of 140 y of con- 
densing enzyme, and subsequent additions of 1.8 wmoles of L-malate were made at 
Arrow 2, 8 umoles of potassium fluorocitrate at Arrow 3, and 0.09 umole of F-acety! 
SCoA at Arrow 4, respectively. The readings were corrected for dilution after ad- 
ditions. There was no free CoASH present in the initial reaction mixtures. Tem- 
perature 23°. 


tives is attributed to the reduction of acetoacetyl or 2,4-difluoroaceto- 
acetyl SCoA to the respective 6-hydroxybutyryl derivatives. The initial 
reaction velocity was much more rapid with acetyl SCoA than with F- 
acetyl SCoA, and equilibrium was rapidly attained. On subsequent addi- 
tions of DPNH or the acyl SCoA compounds, new equilibrium conditions 
were established, and the reaction appeared to proceed to about the same 
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extent with the two substrates. As in the case of fluorocitrate formation, 
in some experiments the extent of the reaction with F-acetyl SCoA ex- 
ceeded that with acetyl SCoA. 


Activation of Fluoroacetate 


Peters has previously reported that pigeon liver preparations which 
synthesize citrate from oxalacetate and acetate are unable to form fluoro- 
citrate from oxalacetate and fluoroacetate (6). The pigeon liver acetate 
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Fic. 6. Synthesis of acetoacetate from acetyl or F-acetyl SCoA. The reaction 
mixtures contained 50 wmoles of TEA buffer (pH 7.0), 0.10 umole of DPNH, aceto- 
acetate enzyme (1.4 mg. of protein), 8-hydroxybutyryl SCoA oxidizing enzyme 
(2.0 mg. of protein), and water in a total volume of 1.0 ml. At Arrows 1 and 3, 0.5 
pymole of acetyl or F-acetyl SCoA was added to the respective mixtures, and 0.10 
umole of DPNH was added to each flask at Arrows 2 and 4. The readings were cor- 
rected for dilution after additions and for the slight decrease of optical density which 
occurred in the absence of added substrate. Temperature 24°. 


activating system was fractionated according to Chou and Lipmann (18), 
and, with their assay system, 2.0 umoles of acetylhydroxamic acid were 
formed when acetate was the substrate, but no hydroxamic acid was found 
when fluoroacetate was employed. The addition of fluoroacetate was 
entirely without effect upon the activation of acetate. Identical results 
were obtained with a partially purified acetate activating system from 
yeast which had been fractionated (Dr. Paul Berg, personal communica- 
tion) with protamine sulfate, alumina Cy, and ammonium sulfate. 
Dialyzed extracts of an acetone powder of rabbit kidney contain an 
active fluoroacetate activating system which appears to be somewhat 
different from an acetate activating system also present in the crude ex- 
tracts (Table III). In contrast with the acetate activating system, the 
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fluoroacetate activating system was markedly inhibited by potassium 
fluoride and appeared to be more dependent upon supplemental CoASH. 
Both systems showed an absolute dependence upon ATP. The product of 
the fluoroacetate activating system was identified by the behavior of the 
hydroxamic acid on paper chromatography and paper electrophoresis in 
which it exhibited the same properties as authentic fluoroacetylhydroxamic 
acid. 


TABLE III 
Hydroxamic Acid Formation by Extracts of Acetone Powder of Rabbit Kidney 
The results represent micromoles of hydroxamic acid formed. 


Substrate 
Acetate Fluoroacetate 
0 | 0 
pew 3.1 0.81 
added substrate... | 0.20 0.20 
Complete system + 60 uwmoles KF ..... 2.6 0.79 


Components of complete system in 1.4 ml., 200 wmoles of Tris buffer (pH 8.0), 10 
umoles of cysteine, 10 wymoles of MgCl., 500 uwmoles of hydroxylamine (pH 7.0), 10 
umoles of ATP, 100 umoles of sodium acetate or fluoroacetate, 10 units of CoASH, 
and dialyzed extract of an acetone powder of rabbit kidney (10 mg. of protein). In- 
cubation time, 3 hours at 30°. 


DISCUSSION 


The substitution of fluorine for 1 of the methyl hydrogen atoms of the 
acetyl group of acetyl SCoA is attended by the appearance of a number of 
interesting properties and differences in enzymatic behavior. The rapid- 
ity of non-enzymatic hydrolysis of F-acetyl SCoA under mildly alkaline 
conditions is probably due to the induction of a partial positive charge on 
carbon 1 of the acetyl moiety. It is also reasonable to attribute the less 
rapid mobility of fluoroacetylhydroxamic acid in the direction of the cath- 
ode to the presence of the electron-attracting fluorine atom. The effects 
of such electrostatic changes as well as possible steric hindrance between 
enzyme and substrate appear to vary with different test systems. Since 
it was impossible to determine the standard free energy change of hydrol- 
ysis for F-acetyl SCoA, the discussion must be limited to a consideration 
of the kinetic studies which were determined. 

Condensation reactions which involve only the carboxyl carbon, such 
as the acetylation of 2-mercaptoethanol and p-nitroaniline, proceed rapidly 
with F-acetyl SCoA and, particularly in the latter system, with a greater 
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initial velocity than with acetyl SCoA. Despite the slightly diminished 
affinity of the enzyme for F-acetyl SCoA as estimated from the Michaelis 
constant, the decomposition of the intermediary complex proceeds much 
more rapidly in the case of the fluoro derivative. 

Reactions involving methyl group condensation such as the formation 
of citrate appear to be markedly retarded by the introduction of the 
fluorine atom. Such a result might be expected on the basis of steric 
hindrance between F-acetyl SCoA and oxalacetate. The finding that the 
affinity of the condensing enzyme for F-acetyl SCoA appears to be greater 
than that for acetyl SCoA suggests that there is a relatively strong electro- 
philic group at the reactive site of the condensing enzyme. A reaction 
which involved both methyl and carboxyl group condensation, such as the 
formation of acetoacetate, demonstrated an intermediate retardation of the 
rate compared with that of the methyl group reacting solely. 

In view of the slight reversibility of the condensing enzyme system 
when citrate is replaced by fluorocitrate, it is not surprising that several 
experiments with the citrate and acetoacetate synthesizing systems showed 
that the reaction proceeded further with F-acetyl SCoA than with acetyl 
SCoA in the absence of added exogenous product. Furthermore, it ap- 
pears likely that the toxicity of fluoroacetate may be due in part to the 
strong competitive inhibition of the condensing enzyme by F-acetyl SCoA 
as well as to the inhibition of aconitase by fluorocitrate. 

The interesting organ specificity for the source of fluoroacetate activat- 
ing enzyme and the demonstration of other marked differences from the 
acetate activating system raise the question of the mechanism of this 
activation and speculation about the natural metabolic function of the 
fluoroacetate activating system. A search for this system in tissues other 
than kidney and further investigations into the nature of the activation 


process are in progress. ° 
SUMMARY 


The preparation and some of the properties of F-acetyl SCoA have been 
described. The compound is metabolically active and reacts readily in 
the presence of phosphotransacetylase, thioltransacetylase, and arylamine 
acetylase. It is active in the acetoacetate synthesizing system and con- 
denses with oxalacetate to form fluorocitrate in the presence of condensing 
enzyme. It is a potent competitive inhibitor of acetyl SCoA in the latter 
system. 

Partially purified acetate activating enzyme systems from pigeon liver 
and yeast are incapable of activating fluoroacetate. Extracts of an ace- 
tone powder of rabbit kidney contain a fluoroacetate activating system 
which differs in several respects from that of acetate activation. 
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EFFECT OF 3-ACETYLPYRIDINE ON PYRIDINE 
NUCLEOTIDE FORMATION FROM 
TRYPTOPHAN AND NIACIN* 


By SELMA HAYMAN, 8. 8S. SHAHINIAN, J. N. WILLIAMS, Jr., ann 
C. A. ELVEHJEM 


(From the Department of Biochemistry, College of Agriculture, University of 
Wisconsin, Madison, Wisconsin) 


(Received for publication, March 24, 1955) 


When rats are fed a non-protein, niacin-free ration, the addition of in- 
creasing amounts of tryptophan or niacin to the ration causes an increase 
in liver pyridine nucleotide (PN) concentration (1). Niacin, however, is 
effective only to a certain level, beyond which a further increase is not ob- 
tained. However, tryptophan continues to produce a marked response in 
liver PN when added either alone or with the level of niacin which is no 
longer effective. Therefore, it was considered possible that niacin and 
tryptophan might be converted to PN via different routes and that niacin 
might not necessarily be an intermediate in the conversion of tryptophan 
toPN. ‘This concept is related to that reported for the production of pur- 
ine ribotides, in which the carbohydrate is introduced into the molecule 
before the nucleotide structure is completed (2). 

The present studies were undertaken to investigate further this aspect 
of the formation of PN. It was possible that an antimetabolite of niacin 
might inhibit the utilization of niacin for PN synthesis without affecting 
the conversion of tryptophan to PN. In view of Woolley’s work on anti- 
metabolites of niacin (3), the most effective inhibitor appeared to be 3- 
acetylpyridine (AP). Therefore, this substance was chosen as inhibitor for 
the present studies. 


EXPERIMENTAL 


Male, weanling albino rats (Holtzman Rat Company, Madison, Wis- 
consin) weighing 40 to 45 gm. were depleted of liver PN by being fed a 
non-protein, niacin-free ration for 2 to 3 weeks. The ration consisted, in 
per cent, of sucrose 89, corn oil 5, Salts IV (4) 4, and niacin-free vitamin 
mixture (5) 2. After the depletion period the animals were supplemented 
with niacin or tryptophan with and without AP by stomach tube and sac- 
rificed at the end of specified time intervals. The supplements, which were 

* Published with the approval of the Director of the Wisconsin Agricultural Ex- 


periment Station. Supported in part by a grant from the Nutrition Foundation, 
Ine., New York. 
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administered in equivalent amounts, were as follows: niacin 2.5 mg., tryp- 
tophan 4.15 mg., and AP 2.61 mg. per ml. per rat. When the effect of 
AP on PN formation from niacin or tryptophan was studied, the AP was 
administered 1 hour before either metabolite to allow inhibitory action to 
occur. In a subsequent experiment AP was given alone to rats to serve 
as inhibitor-supplemented controls. 

After being stunned by a blow on the head, three to six rats were sacri- 
ficed by decapitation for determination of liver PN at various time inter. 
vals. Twelve unsupplemented animals served as zero time controls. PN 
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TIME AFTER ADMINISTRATION IN HOURS 
Fic. 1. Response of liver pyridine nucleotide (PN) (calculated as diphosphopy- 


ridine nucleotide) or ‘‘apparent’’ PN to equimolar doses of tryptophan (T), niacin 
(N), or 3-acetylpyridine (AP). 


analyses were carried out by the method of Feigelson, Williams, and Elveh- 
jem (6). Only one value for each of the two longest periods with AP alone 
(103 and 123 hours) could be obtained because of the very high mortality of 
the rats given AP without tryptophan or niacin. 


RESULTS AND DISCUSSION 


The results of the studies are presented in Fig. 1. The abscissa of the 
graph is the time in hours after administration of niacin, tryptophan, or 
AP (when the latter was given alone). The ordinate is the concentration 
of PN in micrograms per gm. of fresh liver. Contrary to what might have 
been expected, AP did not inhibit PN formation from either niacin or tryp- 
tophan. Moreover, when AP was administered alone, it caused a steady 
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increase in liver PN or “apparent” PN which did not diminish for the length 
of the experiment. On the other hand, the PN produced from tryptophan 
and niacin rose quite rapidly, but began to decrease as soon as the maxi- 
mum was reached. When niacin or tryptophan was preceded by AP ad- 
ministration, the PN concentration rose rapidly and to a much higher 
maximum than was shown by any of the other groups. The PN concen- 
tration at 5 hours (the maximum) for niacin plus AP or tryptophan plus AP 
ean be shown by calculation to approximate the control value plus the sum 
of the differences between the control and the AP curves and between the 
control and the niacin or tryptophan curves. Thus the effect of the AP 
was an additive one when given with either metabolite. 

While the present studies were in progress, Gaebler and Beher and Beher 
et al. (7-9) reported that the injection of AP in dogs results in the excretion 
of nicotinamide and N-methylnicotinamide in the urine. Therefore, the 
dog apparently is able to metabolize AP to nicotinamide. It is possible 
that this is the reason for the increase in ‘‘apparent’”? PN from AP in the 
present studies. The method of analysis employed in these experiments 
does not differentiate between PN and an AP analogue of PN as long as 
the nucleotide structure is present. However, Kaplan et al. (10) have 
observed that the injection of AP in mice causes an increase in true PN 
concentration in the liver, indicating that AP is apparently metabolized 
to niacinamide and thus to PN by mice. In their work it was also observed 
that nicotinamide prevented the toxic action of AP on mice. Our results 
indicate, however, that both tryptophan and niacin prevent the high mor- 
tality from AP in rats. There was no mortality over the 18 hour period 
in the rats given niacin or tryptophan plus AP, but two out of seven rats 
receiving AP alone died before 10 hours had passed. Possibly the AP is 
synthesized in the rat both to PN and to an AP-PN analogue, depending 
on the ability of the liver enzyme systems to handle the incoming inhibitor. 
Thus, if niacin or tryptophan is not also given with AP, the effects of the 
PN analogue may predominate and cause the death of the animals by com- 
peting with PN in PN-linked enzymes. After 4 to 5 hours, all of the rats 
receiving AP alone had become extremely lethargic and apparently mori- 
bund. Since this was also the time of peak “apparent”? PN concentration, 
this observation fits the explanation presented above. It is also of interest 
to note that, although the PN response curves from tryptophan, niacin, 
or either of these metabolites plus AP tended to return to normal from the 
maximal values, the curve for AP alone showed no tendency to return to 
normal. This indicated that in the rat the PN-like substance formed from 
AP may be metabolized at a much slower rate than PN. This is perhaps 
an explanation for the great toxicity of AP when administered alone, as 
observed in the present studies. 
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SUMMARY 


Tryptophan, niacin, 3-acetylpyridine, and tryptophan or niacin plus 3. 
acetylpyridine were administered by stomach tube to pyridine nucleotide. 
depleted rats. After different time intervals, liver pyridine nucleotides 
(PN) were determined. Rather than inhibiting the formation of PN from 
niacin or tryptophan, 3-acetylpyridine gave rise to a substance, either jp 
the presence or absence of tryptophan or niacin, which responded as PN 
in the assay method. Both tryptophan and niacin protected the rats 
against death from the acetylpyridine. The antimetabolite alone, how. 
ever, caused a very high mortality among the animals, although the “ap. 
parent” liver PN increased in a manner equivalent to that of the PN 
produced from niacin or tryptophan. The implications of these findings 
are discussed. 
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STUDY OF THE ROLE OF ESSENTIAL FATTY ACIDS IN 
LIVER METABOLISM* 


By P. G. TULPULEf ano J. N. WILLIAMS, Jr. 


(From the Department of Biochemistry, College of Agriculture, University of 
Wisconsin, Madison, Wisconsin) 


(Received for publication, April 11, 1955) 


The high concentration of lipide material in mitochondria (1-3) suggests 
that the enzyme activity in the mitochondria may be particularly associated 
with the presence of lipide. Burr and Beber (4) have reported that ani- 
mals fed a fat-deficient diet possess a significantly higher metabolic rate 
than comparable controls. In previous studies of the réle of essential 
fatty acids in metabolism, Kunkel and Williams (5) found that both cyto- 
chrome oxidase and endogenous respiration of the livers of fat-deficient 
rats were significantly higher than normal, although succinoxidase was 
unaffected by the deficiency. Recently Klein and Johnson (6) reported 
that liver mitochondria from fat-deficient rats esterify less high energy 
phosphate per mole of oxygen taken up during the oxidation of certain 
intermediates of the tricarboxylic acid cycle. It was suggested that the 
uncoupling of oxidative phosphorylation in essential fatty acid (EFA)! de- 
ficiency is restricted to a certain step in the electron transport system, at 
or near the level of DPN reduction or oxidation. Uncoupled phosphoryla- 
tion (7) could thus account for the high metabolic rate (4), the high en- 
dogenous respiration, and the high cytochrome oxidase of EFA-deficient 
rats (5). 

Tulpule and Patwardhan (8) have observed a reduction in liver glutamic 
dehydrogenase activity of EFA or vitamin B,-deficient rats, which was 
further decreased by a double deficiency of these dietary factors. On the 
other hand succinic and butyric dehydrogenase activities, as measured by 
methylene blue reduction, were unaffected by a vitamin Bg deficiency; how- 
ever, EFA or EFA plus vitamin Be deficiencies caused some reduction in 
these dehydrogenases. 


* Published with the approval of the Director of the Wisconsin Agricultural [x- 
periment Station. 

t Postdoctoral Fellow of the International Institute of Education, New York. 
Permanent address, Nutrition Research Laboratories, Indian Council of Medical 
Research, Coonoor, India. 

'The abbreviations used throughout this paper are as follows: EFA, essential 
fatty acids; DPN, diphosphopyridine nucleotide; DPNH, reduced DPN; AASF, 
antimycin A-sensitive factor. 
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The present studies were undertaken to investigate further the meta. 
bolic defects caused by a deficiency of EFA. Since the severity of grog 
symptoms produced by EFA deficiency is markedly accentuated by 4 
superimposed vitamin Bg deficiency (9), a study of the relationship of vitg. 
min B, to EFA deficiency has been included. The enzymes selected fo 
study were succinic oxidase, the antimycin A-sensitive factor (AASF) (10) 
cytochrome oxidase, DPNH oxidation and associated phosphorylation, 
and reduced cytochrome c oxidation and associated phosphorylation. The 
first three systems were chosen to obtain as complete a picture as possible 
of the electron transport through a non-DPN-linked mitochondrial sys. 
tem. The DPNH and reduced cytochrome c systems were selected to 
study electron transport and coupled phosphate esterification through 4 
DPN-linked system, unencumbered by consideration of the initial dehy. 
drogenation at the normal substrate (e.g., malate and a-ketoglutarate) 
level. 


EXPERIMENTAL 


Male albino rats (Holtzman Rat Company, Madison) weighing 70 to % 
gm. were used as experimental animals. The rats were separated into six 
groups of eight rats each. The dietary regimens of the six groups were as 
follows: Group I, the basal diet? plus 670 mg. per cent of methyl] linoleate 
and 0.25 mg. per cent of vitamin Be (complete diet) for 6 weeks ad libitum; 
Group II,-the complete diet for 4 weeks with daily food consumption lin- 
ited to one-third that of Group I (restricted food intake), followed by 2 weeks 
of the complete diet ad libitum; Group III, the basal diet for 4 weeks with 
restricted food intake, followed by 2 weeks of the complete diet ad libitum; 
Group IV, the same as Group III, except that for the last 2 weeks the basal 
ration was fed ad libitum plus 0.25 mg. per cent of vitamin B,; Group V, the 
same as Group IV, except that 670 mg. per cent of methy] linoleate were 
included for the last 2 weeks in place of vitamin B,z; and Group VI, the basal 
diet for 4 weeks with restricted food intake, followed by 2 weeks of the basal 
diet ad libitum. Thus, after the 6 week feeding periods, Groups I to III 
served as controls, Group IV as the EFA-deficient group, Group V as the 
vitamin B,-deficient group, and Group VI as the combined EFA and vita 
min B,-deficient group. The initial food restriction technique employed in 
the present experiments has been shown by Barki ef al. (13) to precipitate 
an EFA deficiency more efficiently than ad libitum feeding of a fat-deficient 
diet. 


? The basal diet consisted of the following components in per cent: vitamin-free 
casein 20, salts IV (11) 4, vitamin mix (12) with pyridoxine omitted 2, and sucrose 
74. Vitamins A, D, E, and K in 90 per cent ethanol were administered to each mt 
orally once a week. 
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After the feeding periods, the animals were sacrificed by stunning. The 
livers were quickly removed and chilled, and weighed portions were ho- 
mogenized in the appropriate suspending media. Succinic oxidase was 
assayed by the method of Schneider and Potter (14); AASF by a method 
suggested by Potter and Reif (10), in which succinic oxidase activity 
for a given amount of tissue was measured versus antimycin A concentra- 
tion? cytochrome oxidase by the method of Schneider and Potter (14); 
DPNH oxidation and coupled phosphorylation, with 100 mg. of whole rat 
liver homogenate in place of isolated mitochondria by the method of Lehnin- 
ger (15); and reduced cytochrome c oxidation, coupled with phosphoryla- 
tion, by a modification of the method of Lehninger e¢ al. (16). In the last 
method, phosphate uptake and oxidation of cytochrome c reduced with 
ascorbic acid were measured at 37° for 40 minutes with 100 mg. of whole 
rat liver homogenate in place of isolated mitochondria. A correction was 
applied to account for ascorbic acid autoxidation by incubating separate 
flasks with ascorbic acid, other components of the reaction mixture, and 
boiled liver homogenate (100° for 15 minutes). Inorganic phosphate was 
estimated by the method of Bell and Doisy (17), as modified by Briggs (18). 


Results 


Succinic Oxidase, Antimycin A-Sensitive Factor, and Cytochrome Oxidase— 
From the results of these experiments presented in Table I, it can be seen 
that succinic oxidase was unaffected by deficiencies of EFA, Be, or both 
in combination. This confirms previous results from this laboratory and 
elsewhere (5, 6). 

Although succinic oxidase activity was unaffected, it is interesting to 
note that AASF, which denotes a hypothetical electron transport com- 
ponent between succinic dehydrogenase and cytochrome c (10), was signifi- 
cantly increased. This increase was most pronounced with the double 
deficiency of EFA and vitamin Bg, although it was increased by each defi- 
ciency individually. Another interesting observation is that the prelimi- 
nary restricted feeding of the EFA-vitamin B,-deficient diet caused an 
increase in AASF, which was not reversed by ad libitum feeding of the 
complete diet for 2 additional weeks (Group III). No explanation can be 
offered for this lack of reversal at present. 

Cytochrome oxidase was increased to the greatest extent when the ani- 
mals were made deficient in both EFA and vitamin Bs. When only vita- 
min Bg was supplemented (Group IV), no reversal of the high activity was 
obtained. Linoleate supplementation to vitamin Be-deficient rats, how- 


*The authors wish to thank Dr. F. M. Strong of this department for a generous 
sample of antimycin A. 
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Taste I 


Effect of Essential Fatty Acid and Vitamin Be Deficiencies on Activity of 
Succinic Oxidase, Antimycin A-Sensitive Factor, and Cytochrome 


Oxidase 
_  Succinic oxidase titer, molarity Cytochrome oriday 
Group No.* | x activ per me 
| 
I (Control 1)... 142.7 | 25401 | 
2.7226 8020.2 | 235 + 
47.2250 | 3.320.2 236 + § 
(EFA-deficient) 66436 33402 | 
V (Vitamin B,-deficient) . 42.9 + 2.3 $520.2 | 20 + 8 
VI (EFA- and vitamin Be- defi- | | 
.....| 4£2.623.0 (| 3.920.1 | 77 +9 


* Eight rats in each group. See the text for a complete description of dietary 
regimens. 

t The final concentration of antimycin A to give one-half maximal inhibition ¢ 
succinic oxidase. 

t Standard error of the mean. 


Taste Il 


Effect of Essential Fatty Acid and Vitamin Bg Deficiencies on Phosphate 
_Esterification Coupled with Oxidation of DPNH and Reduced 
Cytochrome 


The values are given in microatoms. 


Phosphorylation coupled with 
Group No.* DPNH oxidation Reduced cytochrome oxidatios 
aP | 30 | | 30 

I (Control 1)... 6 7.40 6.79 1.10 + O. | 3. 69 6.76 0.55 + 0M 
a Oe 7 7.55, 6.76 1.12 + 0.04 444 8.44 0.53 + 08 
“ 3).. 7 | 7.19) 7.03 1.02 + 0.01 | 4.43) 9.61 | 0.45 + 0.0 
“g (EFA- deficient). 8 5.49 6.81 0.81 + 0.09 | 0.92 10.21 | 0.09 + 0.6 

V (Vitamin Be-defi- | 
8 | 6.96 7.90 0.80 + 0.038 (1.46 9.85 0.15 + 08 

VI (EFA- and vita- 

min Be-deficient).... 7 | 4.72 7. 67 0.62 + 0.06 | 1.02 11.02 | 0.09 +06 


* See the text for a complete description of dietary Fr regimens. 
t Standard error of the mean. 


ever, decreased the activity somewhat (Group V), although it was sti 
higher than the comparable controls (Group IID). 
Oxidative Phosphorylation—From the results in Table II, it can be seen 
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that deficiencies of EFA or vitamin Bg alone significantly depressed phos- 
phate esterification coupled either with DPNH or reduced cytochrome ¢ 
oxidation. ‘The combined deficiencies produced a greater depression in 
the P:O ratio for DPNH oxidation than either deficiency alone. It should 
be noted that all of these experiments were carried out with whole liver ho- 
mogenates so that phosphatase activity would be considerably higher than 
if isolated mitochondria were used. Thus the P:O ratios, even for the con- 
trol groups, were considerably lower than theoretical (2 for DPNH oxida- 
tion and 1 for reduced cytochrome c oxidation). However, the signifi- 
eance of the differences among the various groups can easily be observed. 
Especially noteworthy is the fact that phosphorylation coupled to reduced 
cytochrome ¢ oxidation was almost completely removed by either the sin- 
gle or the combined deficiencies. 

The single or combined deficiencies lowered the P:O ratios for both sub- 
strates by approximately the same amont; 7.e., a decrease of 0.3 to 0.5. Be- 
cause of the phosphatase activity of the systems, this decrease probably 
approaches a loss of 1 in the P:O ratio. Since the decrease in the P:O 
ratio associated with the single step oxidation (reduced cytochrome c — 
cytochrome c) approaches 1, while the P:O ratio for the two-step reaction 
(DPNH — DPN and reduced cytochrome c — cytochrome c) was also de- 
creased by the same value, the effect of the EFA deficiency can probably 
be localized at the phosphate esterification coupled with the oxidation of 


reduced cytochrome ce. 


DISCUSSION 


In these studies it has been confirmed that the oxidation of succinate, 
as measured by oxygen uptake, is not changed in EFA deficiency (5, 6). 
Similarly, the oxidation per se of DPNH is unchanged in EFA-deficient 
rat liver. An interesting problem is encountered, however, in that the 
titer of the antimycin A-sensitive factor and cytochrome oxidase activity 
are increased in EFA deficiency, although the actual oxidation of succinate 
or DPNH is unchanged. Thus the rate-limiting step, at least in succinate 
oxidation, probably lies at a point different from either AASF or cyto- 
chrome oxidase. With DPNH oxidation the explanation is more obscure, 
since the oxidation of DPN-linked substrates is only partially inhibited by 
antimycin A, depending on the type of tissue studied (19). 

The fact that a vitamin B, deficiency accentuates the effects of an EFA 
deficiency is evident from the present experiments. It is interesting to 
note that the observed enzyme changes were not completely reversed, even 
when methy! linoleate was supplied in ample amounts to EFA-vitamin Be- 
deficient rats (Group V). This suggests that vitamin Bg is necessary for 
the utilization of linoleate, particularly in maintaining the phosphate es- 
terification system associated with the oxidation of reduced cytochrome c. 
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SUMMARY 


1. The effects of essential fatty acids (EFA) and vitamin Be deficiencies 
on certain rat liver enzymes have been studied. Vitamin Be appears to 
be necessary for the proper utilization of linoleate in maintaining the ae. 
tivity of those enzymes affected by EFA deficiency. 

2. Dietary deficiency of EFA produces an increase in the titer of the anti. 
mycin A-sensitive factor and cytochrome oxidase of rat liver. Liver sue. 
cinic oxidase is unaffected, however. 

3. A marked decrease in the ratio of phosphate esterified to oxygen con. 
sumed was observed for the oxidation of both reduced DPN and reduced 
cytochrome c in EFA deficiency. Quantitative consideration of these stud. 
ies indicates that the main site of action of EFA is the phosphate esterifi- 
cation system, coupled with the oxidation of reduced cytochrome e. 
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AN INOSINEDIPHOSPHATASE FROM MAMMALIAN LIVER* 


By G. W. E. PLAUT 


(From the Department of Biochemistry, New York University College of 
Medicine, New York, New York) 


(Received for publication, April 15, 1955) 


Aqueous extracts of acetone-desiccated mitochondria from rat liver (2, 
3) liberate inorganic phosphate when incubated in the presence of ATP,! 
ADP, or ITP; it was found that the rate of liberation was always greater 
with ITP than with either ATP or ADP. When ITP and ADP were 
incubated together, the rate of orthophosphate liberation was greater 
than that for ITP alone, in contrast to the inhibition of activity found 
when a combination of ITP and ATP was used. Since nucleoside diphos- 
phokinase (4, 5) is present in mitochondria,’ the interaction of ITP and 
ADP could lead to the formation of IDP and ATP. In view of the rela- 
tively slow rate of P, liberated from added ATP, it seemed unlikely that 
this product of the nucleoside diphosphokinase reaction could account for 
the stimulation observed. The other product, IDP, was found to be 
dephosphorylated at an even higher rate than the combination of ADP 
and ITP. These findings suggested that a potent inosinediphosphatase 
exists in rat liver mitochondria. The enzymatic activity was also found 
in aqueous extracts of acetone powders of washed residue from beef liver. 
Since the latter was more available than rat liver mitochondria, the inosine- 
diphosphatase was purified from this starting material. The enzyme 
catalyzes the dephosphorylation of IDP, GDP, and UDP, but is inactive 
on ADP and CDP. 


EXPERIMENTAL 


Materials—Crystalline ATP, ITP, ADP, IDP, GDP, and IMP were 
purchased from the Sigma Chemical Company, and UTP, UDP, and CDP 


* Supported in part by «a research grant (No. H2006) from the National Heart 
Institute, National Institutes of Health, United States Public Health Service. This 
work was done during the tenure of an Established Investigatorship of the American 
Heart Association. A preliminary report was presented before the American Society 
of Biological Chemists (1). 

' The following abbreviations are used: adenosine and inosine triphosphate, ATP 
and ITP; adenosine and inosine diphosphate, ADP and IDP; guanosine, cytosine, 
and uridine diphosphate, GDP, CDP, and UDP; uridine triphosphate, UTP; ortho- 
phosphate, P\; tris(hydroxymethyl)aminomethane, Tris; 2,4-dinitrophenol, DNP; 
adenosine-5'-phosphate and inosine-5’-phosphate, AMP and IMP. 

*Plaut, G. W. E., unpublished observations. 
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from the Pabst Laboratories. In some of the studies ITP and IDp. 
purified further by ion exchange chromatography on Dowex 1-formate 
columns, were employed’ DNP was a commercial preparation purified 
by two recrystallizations from water. 

Assay Procedure—The method used to test for phosphatase activity 
was essentially that described by Lardy and Wellman (3). As routinely 
used here, the reaction mixture contained 0.2 ml. of 0.2 m Tris buffer, 
pH 7.4, 0.05 ml. of 0.1 m MgSO,, 0.05 ml. of 0.1 a IDP (variations in the 
concentration of IDP and of other nucleotides are indicated in Tables 
I to VII), and enzyme solution. The final volume was made up to 16 
ml. with water when soluble preparations were used, and with 0.25 y 
sucrose in the case of mitochondria. 

The reaction components were incubated for 5 minutes in 15 ml. cen. 
trifuge tubes in a water bath at 20° prior to the addition of enzyme. The 
enzyme was then added and incubation continued for 10 or 20 minutes. 
The reaction was stopped by the addition of 1.0 ml. of ice-cold 10 per 
cent trichloroacetic acid. Each incubated tube was accompanied by a 
non-incubated control, identical in composition, to which trichloroacetic 
acid was added prior to the enzyme. All values reported have been cor- 
rected for zero time P; content. After removal of coagulated protein, 
P; was determined by the method of Lowry and Lopez (6). In later 
experiments, the volume of the reaction mixture was reduced to 0.5 ml., 
but the concentrations of the medium components remained the same. 
In these assays a microadaptation of the method of Fiske and Subbarow 
(7) for inorganic phosphate was employed. 

No dilution effects were observed and the usual enzyme-time relation- 
ship was applicable. 1 unit of enzyme is taken as the amount catalyzing 
the liberation of 1.0 umole of P; per ml. of reaction mixture per minute 
under the conditions of the assay. Specific activity is expressed as units 
per mg. of protein. Protein was determined by the method of Warburg 
and Christian (8). 

Activity of Extract—The activity of the aqueous extract of rat liver 
mitochondria acetone powders with inosine and adenosine nucleotides is 
presented in Table I. 


Purification of Enzyme 
Preparation of Acetone Powder—1000 gm. of fresh beef liver were homog- 
enized for 1 minute in a Waring blendor with 2.25 liters of a cold aqueous 
medium 0.25 m in sucrose and 0.03 m in dipotassium phosphate. The 


’The Dow Chemical Company, Midland, Michigan. I wish to thank Dr. Mari- 
anne Grunberg-Manago for making the details of this procedure available prior to 
publication. 
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mixture was centrifuged at 1000 < g for 10 minutes. The supernatant 
solution was acidified to pH 5.9 with dilute acetic acid and centrifuged at 
4500 * g for 20 minutes. The clear supernatant layer was discarded and 
the semifluid residue recentrifuged at 18,000 * g for 30 minutes. The 
resulting residue was suspended in 450 ml. of 0.25 m sucrose and sedimented 
at 18,000 < g for 30 minutes. The washed residue was then converted 
to an acetone-dried powder, as previously described (9). 

Ertraction—10 gm. of acetone powder were suspended with stirring in 
100 ml. of glass-distilled water at 2-5°. The suspension was stirred for 
15 minutes and centrifuged at 18,000 < g for 1 hour. The supernatant 
solution was diluted to 100 ml. with distilled water. 


Taste 
Effect of Aqueous Extract from Mitochrondria on Inosine and Adenosine 
Nucleotides 
0.2 ml. of aqueous extract of acetone-desiccated mitochondria from rat liver. 
Incubated for 20 minutes at 20°; final volume, 1.0 ml. 


Substrate P; formation 

5 smoles ITP + 4.8 wmoles 0.73 
§ smoles ITP + 4.8 wmoles ADP......................... 2.03 


First Calcium Phosphate Gel Fractionation—To the above extract were 
added 110 ml. of calcium phosphate gel (16.9 mg. of Ca3(PO,)2 per ml.) 
(10). After stirring for 20 minutes, the mixture was centrifuged at 
5000 <X g for 10 minutes. The supernatant fluid, containing 40 to 50 
per cent of the protein of the initial extract and not more than 5 per cent 
of the enzyme activity, was discarded. The gel was suspended with vig- 
orous stirring in 100 ml. of 0.125 m phosphate buffer, pH 5.4; after centrif- 
ugation, the residue was resuspended in 100 ml. of 0.125 m phosphate 
buffer, pH 5.9. The residue from this treatment was eluted by stirring 
with 100 ml. of 0.125 m phosphate buffer, pH 7.05. Washing of the gel 
with phosphate buffer at pH 5.4 resulted in the removal of 10 to 20 per 
cent of protein, and about 2 per cent of the activity; the wash at pH 5.9 
contained about 10 per cent of the protein and 5 to 15 per cent of the ac- 
tivity. The eluate contained 10 to 20 per cent of the protein and from 
50 to 90 per cent of the activity of the initial extract with a 5- to 8-fold 
increase of specific activity. In order to concentrate the enzyme, 90 ml. 
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of the eluate were treated with 54 gm. of ammonium sulfate (0.8 satura. 
tion). The precipitate formed was collected by centrifugation and dis. 
solved in 25 ml. of 0.01 m Tris buffer, pH 7.4. 

Ammonium Sulfate Fractionation—83 ml. of saturated ammonium sul. 
fate’ were added dropwise, with stirring, to every 100 ml. of the solution 
from the previous step. The resulting precipitate (0.45 saturation, con- 
taining 8 per cent of the enzyme, specific activity, 0.4) was discarded. A 
further 37.4 ml. of saturated ammonium sulfate were then slowly added 
to every 100 ml. of the supernatant solution and the precipitate (between 
0.45 and 0.6 saturation) dissolved in 10 ml. of 0.2 m Tris buffer, pH 7.4. 

Second Calcium Phosphate Gel Fractionation—The above solution was 
treated with 10 ml. of calcium phosphate gel. Upon centrifugation, the 


TABLE II 
Purification of Inosinediphosphatase from Beef Liver 
10 gm. of acetone powder. 


Step No. Volume Protein Units be on Yield 
ml. me. | gor min. pretein| cent 
2300 576 0.25 
2. Ist Ca3(PO,)2 eluate*.............. 26.5 242 315 1.31 | 55 
3. (NH,)2SO, fractionation (0.45-0.6 
10 57 | 202 | 3.54 | 35 
4. 2nd Ca;(PO,4)2 eluate*.............. 5.0 17 182 10.7 32 


* After concentration with ammonium sulfate (see the text). 


residue was washed with consecutive 10 ml. portions of 0.125 m phosphate 
buffer at pH 5.4 and 5.9, as previously. The major portion of the activity 
was then eluted with 10 ml. of 0.125 m phosphate buffer, pH 7.05. Prac- 
tically all of the activity of this eluate could be recovered by the addition 
of solid ammonium sulfate to 0.7 saturation and redissolving of the pre- 
cipitate in 5 ml. of 0.1 m Tris buffer at pH 7.4. This procedure achieved 
a 30- to 40-fold purification of the enzyme over that of the acetone powder 
extract with a 20 to 30 per cent yield. The results of a typical fractiona- 
tion are summarized in Table IT. 


Properties of Enzyme 
pH Optimum and Affinity Constants—The optimal pH of inosinediphos- 
phatase in Tris buffer is pH 6.9. The activity at pH 6.45 or 7.4 was only 
10 to 15 per cent lower than at the optimum (Fig. 1). 


4 Aqueous solution saturated with ammonium sulfate at 25°. 
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With IDP as substrate, As was approximately 5 X 10‘ Mm at pH 7.4. 
This enzyme, like many other similar phosphatases, has a requirement for 
magnesium ion. Practically no enzymatic activity was obtained with the 
undialyzed purified enzyme preparation in the absence of added Mgtt; 
while at a concentration of 0.005 m MgSOQ,, routinely used here, the ac- 
tivity was maximal. 

The purified inosinediphosphatase liberated no inorganic phosphate 
from ITP, ATP, and ADP; nucleoside diphosphokinase was not detectable, 
as judged by incubation of the enzyme with a mixture of ADP and ITP. 


= 
= 0.20 F- 
a 
a 
= 
a 
0 
4 5 6 T 8 9 


pH 
Fic. 1. pH optimum of inosinediphosphatase. 
Tris buffer. 


O, 0.1 m acetate buffer; @, 0.1 


Stoichiometry—In studies with crude extracts of beef liver it was found 
that the inorganic phosphate liberated upon prolonged incubation corre- 
sponded to about 1 mole per mole of initial IDP. Furthermore, the ex- 
pected product, IMP, was dephosphorylated only very slowly under these 
conditions. It was likely that the reaction catalyzed could be represented 
as follows: IDP + H.O — IMP + Pj. 

To establish the correctness of this formulation, IDP was incubated in 
the presence of purified enzyme, and the pertinent components of the 
reaction were analyzed before and after incubation. IMP and IDP were 
separated on a column of Dowex 1-formate.2 The amount of inosine 
nucleotides was determined by measurement of light absorption at wave- 
length 247 mu. When the disappearance of IDP and the appearance of 


IMP and inorganic phosphate were examined in this manner, the molar 
ratios of the change of these components approached 1, as required by the 
above formulation (Table ITT). 


Further confirmation of the identity of 
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the IMP produced was obtained by paper chromatography (5). After 
prolonged incubation of IDP with an excess of purified inosinediphos. 
phatase, the only nucleotide remaining had the same Fy value as crystal. 
line IMP.5 

Substrate Specificity—As already mentioned, inosinediphosphatase at the 
highest level of purification achieved does not catalyze the dephosphoryla- 
tion of ATP, ADP, or ITP. It is also inactive with IMP and AMP. In 
a single trial with UTP very little activity was obtained, and this might 
be attributed to contamination of the commercial sample of UTP with 
other nucleotides. However, a combination of UTP and ADP resulted 


TaBLeE III 
Stoichiometry 


1 mj. of reaction mixture contained, besides IDP, 5 wmoles of MgSO,, 850 umoles 
of Tris buffer, pH 7.4, and 0.23 mg. of IDPase (specific activity 13). The reaction 
was stopped by placing the incubated tube in a boiling water bath for 10 minutes. 
The values are given in micromoles per ml. 


Control* Incubatedt 
Component A (b — a) 
(a) (b) 
0.90 4.43 +3 .53 


* Enzyme destroyed by boiling for 10 minutes prior to addition to the other com- 
ponents of the reaction mixture. The initial content of inosine nucleotides was 3.89 


umoles per ml. 
t 10 minutes at 20°. 
t The preparation of IDP employed contained a small quantity of IMP as a con- 


taminant. 


in a measurable liberation of orthophosphate (Table IV). Since the 
enzyme preparation employed in this experiment still contained nucleoside 
diphosphokinase, which is active on uridine nucleotides (4), it is possible 
that UDP was formed by transphosphorylation and dephosphorylated by 
inosinediphosphatase. 

Examination of a number of nucleoside diphosphates with the purified 
enzyme revealed that UDP and GDP were dephosphorylated, while CDP 
was not attacked (Table V). It is likely that liberation of P; from the 
three susceptible nucleoside diphosphates is catalyzed by a single enzyme, 
since the relative activities toward the three substrates remained un- 
changed through a 30-fold purification. Thus, the relative activities with 


5 I wish to express my appreciation to Dr. Marianne Grunberg-Manago for carry- 
ing out the paper chromatography. 
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IDP, UDP, and GDP were 1, 1.7, and 1.6 with purified enzyme, and 1, 
1.5, and 1.5 with the original extract (Table V). 
Inhibition—Inosinediphosphatase is inhibited by fluoride. In the pres- 
ence of 0.005 m IDP and 0.005 m Mg*, 75 per cent inhibition of activity 
was caused by 0.1 m potassium fluoride. The enzyme ig, also inhibited 


TABLE IV 
Activity of Partially Purified Enzyme with UTP 
Incubated for 20 minutes at 20°. 0.12 mg. of enzyme protein (specific activity 
1.35); final volume, 1.0 ml. 


Addition | Pj formation 

48 pmoles ADP + 5ymoles ITP........................ 1.62 


TABLE V 
Comparative Activity of Purified and Crude Enzyme 
Incubated for 10 minutes at 20°; final volume, 0.5 ml. 


Substrate 
umole umole 
0.01 


*0.08 mg. of protein (specific activity 0.44). 
t 0.0012 mg. of protein (specific activity 13). 
t Incubated for 20 minutes. 


by ATP. With 30-fold purified inosinediphosphatase (free of nucleoside 
diphosphokinase) in the presence of 0.0025 m IDP, inhibition was produced 
by 0.0048 m and 0.0096 m ATP (22 and 48 per cent, respectively). Under 
similar conditions 11 and 37 per cent inhibition was observed with 0.0048 
mM and 0.0096 m ADP, respectively. However, 0.005 m ITP had no effect. 

Inosinediphosphatase of Rat Liver Mitochondria—Since inosinediphos- 
phatase is present in extracts of acetone-desiccated mitochondria, it was 
of interest to determine whether intact mitochondria hydrolyze IDP and 
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to study simultaneously their adenosinetriphosphatase activity. Mito 
chondria from rat liver (11) twice washed with sucrose and freed of the 
“fluffy layer’? above them were used for these studies. Such particles 
exhibited very little adenosinetriphosphatase, but this activity could be 


TaBL_e VI 
Action of Mitochondria on IDP 
Incubated for 20 minutes at 20°; composition of reaction mixtures as described 
under ‘‘Assay procedure.’’ 


| Pj liberated 
Substrate | 
Without DNP With 1.5 1074 DNp 
pmole pmoles 


* Suspension of mitochondria in 0.25 M sucrose was frozen for 2 days at —20° and 
thawed before use. 


TaBL_e VII 
Effect of Different Treatments of Mitochondria on Inosinediphosphatase 
. Activity 
The values are given in micromoles of P; liberated in 10 minutes per ml. of reae- 
tion mixture. 


Pj liberated from 


Treatment 
IDP, 2.5 wmoles! ATP, 5.0 pmoles 


A. Twice washed fresh mitochondria from rat liver sus- 


pended in 0.25 m sucrose......... 0.02 0.00 
B. Same as A, except that mitochondria are suspended in 

distilled water instead of sucrose.................. 0.37 1.11 
C. Same as A, but rapidly frozen and thawed twice. .... 0.24 1.68 


stimulated by the addition of DNP. Liberation of P; from ITP was 
always obtained with these particles, but was not affected by DNP (38). 
Inosinediphosphatase activity was very low when fresh mitochondria were 
employed, and was not stimulated by 1.5 K 10° m DNP. However, 
when the mitochondria were frozen and thawed, there was marked ino- 
sinediphosphatase activity (Tables VI and VII). A similar result was 
obtained when mitochondria were suspended in water (Table VII). How- 
ever, incubation of mitochondria in 0.25 m sucrose in the absence of 
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substrate at 37° for 30 minutes, a procedure which enhances adenosinetri- 
phosphatase activity (12), did not have the corresponding effect on inosine- 
diphosphatase. 


DISCUSSION 


Inosinediphosphatase is a phosphatase specific for the nucleoside diphos- 
phate linkage; thus nucleoside triphosphates (ATP, ITP, and UTP) and 
5’/-mononucleotides (AMP and IMP) are not cleaved by the purified 
enzyme. The activity is not confined to IDP since both UDP and GDP 
are attacked; however, neither ADP nor CDP acts as a substrate. It is 
of interest that the latter bears an amino group on carbon 6 of the py- 
rimidine portion of the ring. In a recent communication Strominger, 
Heppel, and Maxwell (13) have reported the presence of uridinediphos- 
phatase in aqueous extracts of acetone powders of whole calf liver. Their 
preparation had much less activity on ADP, ATP, and UTP than on UDP. 
The calf liver preparation contained nucleoside diphosphokinase, which 
was also observed in the original extract here. These investigators also 
found a myokinase type reaction between ATP and UMP (forming ADP 
and UDP reversibly) in these extracts, but could obtain no evidence for 
such a reaction between IMP and ATP. Similarly, no interaction be- 
tween ATP or ADP and IMP in beef liver extract could be demonstrated 
in the present work, with inosinediphosphatase activity as an indicator of 
IDP formation. Since the preparation of Strominger eé al. as well as 
the purified enzyme studied here can attack UDP, it is very likely that 
the same enzyme is involved. 

One would expect inosinediphosphatase to affect all reactions in which 
IDP, GDP, or UDP is a participant. It is apparent from the studies of 
Strominger et al. (13) mentioned above that the presence of inosinediphos- 
phatase, ATP-UMP transphosphorylase, and nucleoside diphosphokinase 
provides a pathway for the conversion of nucleoside triphosphates to 
orthophosphate and mononucleotides. This enzyme might also play a 
role in the oxalacetate carboxylase reaction of Utter et al. (14). Inosine 
and guanosine polyphosphates have been reported to be much more effec- 
tive with this carboxylase than the corresponding adenosine compounds. 
The hydrolytic cleavage of nucleoside diphosphate by inosinediphosphatase 
would favor displacement of equilibrium of the over-all reaction from 
oxalacetate to phosphoenolpyruvate and carbon dioxide. 

In the present investigation the inosinediphosphatase of rat liver mito- 
chondria and of the beef liver particles was examined in particular detail. 
A preliminary study of other components of rat liver homogenates revealed 
that dephosphorylation of IDP also occurred with nuclei, “fluffy” layer, 
and microsomes. However, since neither substrate specificity nor the 


Mito. 
of the 
irticles 
uld be 
scribed 
mM DNP 
reac- 

| 
) 
| 

| 

was 
(3). 
vere 
ver, 
ino- 
was 
Ow- 
> of 


244 INOSINEDIPHOSPHATASE 


stoichiometry of the reaction was examined in the other particulate frac. 
tions, it is not certain whether this activity is identical with that found in 
extracts of mitochondria. | 

The low level of inosinediphosphatase activity of fresh mitochondria 
and the enhancement of activity by procedures which tend to disrupt the 
particles, e.g. freezing and thawing and treatment with distilled water, 
suggest that IDP cannot penetrate undamaged mitochondria. It js 
conceivable that this lack of permeability might be a more general phe- 
nomenon for nucleoside diphosphates since the studies of Siekevitz and 
Potter (15) suggest that ADP as such does not penetrate to the site of 
phosphorylation in mitochondria.® 

After the completion of these studies, a report by Gregory (16) ap- 
peared, describing an enzyme from liver with the same substrate speci- 
city as that observed here. 


SUMMARY 


An inosine diphosphatase was found in aqueous extracts of acetone- 
desiccated mitochondria from rat liver. This enzyme was purified 30- to 
40-fold from beef liver extracts. It catalyzes the stoichiometric conver- 
sion of inosine diphosphate to inosinic acid and inorganic phosphate. The 
enzyme also catalyzes the liberation of inorganic phosphate from inosine 
diphosphate, guanosine diphosphate, and uridine diphosphate, but not 
from adenosine diphosphate or cytosine diphosphate. The purified en- 
zyme is also free of phosphatase activity for adenosine triphosphate, in- 
osine triphosphate, inosinic acid, and adenylic acid. The enzyme re- 
quires Mgt* for activity. Some other properties of the enzyme are 
described and its significance discussed. 

Whole mitochond1ia exhibited little or no inosinediphosphatase activity. 
The dephosphorylation of inosine diphosphate was not stimulated by 
dinitrophenol but was enhanced after suspension of the particles in dis- 
tilled water or after freezing and thawing. ‘The possibility has been con- 
sidered that intact mitochondria are impermeable to IDP. 
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THE TERMINAL CARBOXYL GROUPS OF DENATURED 
YEAST TRIOSEPHOSPHATE DEHYDROGENASE 


By YADVIGA DOWMONT HALSEY* ann HANS NEURATH 


(From the Department of Biochemistry, University of Washington, Seattle, 
Washington) 


(Received for publication, April 21, 1955) 


Yeast triosephosphate dehydrogenase has been shown by Velick and 
Udenfriend (1) to have 2 N-terminal valine residues. The present com- 
munication describes the results of an investigation of the terminal car- 
boxyl groups of this enzyme as determined with carboxypeptidase both 
in the usual fashion (2) and in the presence of 6 Mm urea. The native de- 
hydrogenase was found to be unreactive toward carboxypeptidase, thus 
raising the possibility that the C-terminal groups were not accessible to 
the proteolytic enzyme. ‘This was, indeed, found to be the case, as de- 
scribed in the present report. 


EXPERIMENTAL 


Yeast triosephosphate dehydrogenase was prepared according to Krebs 
et al. (3) and recrystallized four times. Carboxypeptidase was prepared 
according to the procedure indicated by Neurath and Schwert (4) and re- 
crystallized three to six times. Protein concentrations were determined 
by absorption at 280 my. The absorption (3, 5) of the protein substrate 
was reduced by less than 4 per cent in 6 mM urea. The amino acids used 
were commercial preparations which had been recrystallized by Dr. Earl 
W. Davie. Urea was reagent grade and was recrystallized once from 
60 per cent ethanol before use. 

Dowex 50, 4 per cent cross-linked and 20 to 50 mesh, was used in the 
hydrogen form for adsorbing amino acids from the protein solutions. 
0.5 gm. of resin was used for each ml. of protein solution. Elution was 
performed with 7 per cent ammonia. Qualitative examination of the 
eluates was made by paper chromatography. 

The incubation of native substrate with carboxypeptidase was carried 
out essentially according to Gladner and Neurath (2). The liberation of 
low molecular weight ninhydrin-positive materials was followed by the 
method of Troll and Cannan (6) after precipitation of the proteins with 
trichloroacetic acid at a final concentration of 5 per cent. 


* Postdoctoral Fellow of the American Cancer Society, recommended by the 
Committee on Growth of the National Research Council, 1952-54. Present address, 
Department of Medicine, University of Washington School of Medicine, Seattle 5, 
Washington. 
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In the experiments involving 6 M urea, the reaction was carried out at 
pH 8.0, 25°, in the presence of a buffer containing 0.02 m sodium Veronal, 
0.1 m NaCl, 0.01 per cent Tween 60 (7), and 0.001 m diisopropylphospho- 
fluoridate (DFP). All pH values were determined with a Cambridge 
model L pH meter. The concentration of protein substrate was 2 K 10-4 
M, assuming a molecular weight! of 120,000. Quantitative analysis of 
the amino acids liberated under these conditions was by column chroma- 
tography? according to Moore and Stein (8). 

In order to obtain a solution of the protein substrate in 6 mM urea at pH 
8, it was necessary to prevent the rapid polymerization of this protein 
which occurs under these conditions. This was done by making the urea 
solution approximately 0.01 m in methyl mercury nitrate. The substrate 
was freed of low molecular weight peptides by precipitating the protein, 
dissolved in urea, with 50 per cent saturated ammonium sulfate. The 
precipitate was washed once with 50 per cent saturated ammonium sulfate 
and redissolved in 6 mM urea solution. Before incubation with carboxy- 
peptidase, the resulting solution was dialyzed against 6 M urea containing 
0.02 m sodium Veronal and 0.1 m NaCl. After this treatment the protein 
appeared free of extraneous ninhydrin-positive materials as tested by 
adsorption on Dowex 50, followed by paper chromatography of an amount 
of eluate equivalent to 0.04 umole of protein. 


RESULTS AND DISCUSSION 


When the native substrate was treated with carboxypeptidase in the 
usual fashion, a considerable amount of ninhydrin-positive material was 
liberated, as may be seen from Curve C of Fig. 1. The acceleration of 
this liberation by preincubation of the substrate alone and the inhibition 
of the acceleration by addition of DFP to the substrate (Curves A and B) 
indicate that most of the observed reaction must have been the result of 
the action of carboxypeptidase on products of degradation of the substrate 
by proteolytic enzymes present in the substrate preparation. Evidently 
the rate of carboxypeptidase action in Curve C is determined by previous 
modification of the protein substrate by a process which occurs in the 
absence of carboxypeptidase, as in Curve A. The question arises whether 
the extent of reaction seen in Curve B actually represents the splitting of 
amino acids from the carboxyl terminal position of the intact substrate. 
This was examined by passing the substrate through a mixed bed, ion 
exchange resin column composed of a mixture of Amberlite IR-120 in the 
hydrogen form and Amberlite IRA-400 in the hydroxyl form to remove 


1 Private communication from Dr. J. F. Taylor to Dr. E.G. Krebs. 
2 We wish to thank Miss Elaine Cohen and Miss Anne Cederquist who performed 
these analyses. 
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contaminating peptides; the effluent was then incubated with 0.001 m 
DFP and carboxypeptidase. In this case the rate of liberation of amino 
acids, as followed by paper chromatography, was very slow. Even after 
18 hours there was not 1 equivalent of any amino acid liberated. When 
incubated in the absence of carboxypeptidase but in the presence of DFP, 
ninhydrin-positive materials were slowly liberated from the substrate. 

It appeared of interest to determine whether the apparent resistance of 
the native dehydrogenase to carboxypeptidase is caused by steric unavail- 
ability of the terminal groups or by the failure of the terminal groups to 
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HOURS 
Fic. 1. The liberation of trichloroacetic acid-soluble ninhydrin-positive material 
from veast glyceraldehyde phosphate dehydrogenase. Ordinate, leucine equivalents 
liberated per 120,000 gm. of protein; abscissa, hours of incubation at 25° and pH 7.8. 
Mole ratio of carboxypeptidase to substrate, 1:10 in all experiments. Concentration 
of substrate, 13 mg. per ml. Curve A, substrate incubated alone for 44 hours; car- 
boxypeptidase added at that time. Curve B, substrate incubated with 0.001 m DFP 
for 44 hours; carboxypeptidase added at that time. Curve C, substrate and car- 
boxypeptidase incubated together from 0 hour. 


comply with the specificity requirements of carboxypeptidase. ‘To this 
end it was first determined that carboxypeptidase was active in the pres- 
ence of 6 Mm urea at pH 8. Carboxypeptidase was incubated with carbo- 
benzoxyglycyl-L-phenylalanine* in the presence and in the absence of 6 m 
urea. The phenylalanine liberated was adsorbed onto Dowex 50, eluted, 
and chromatographed on paper in butanol-acetic acid solvent. The liber- 
ation of phenylalanine in the presence of urea appeared to occur at a rate 
25 to 50 per cent of that in the absence of urea. There was no indication 
of rapid denaturation of the enzyme, since the amount of phenylalanine 
continued to increase over a 4 hour period. No liberation of amino acids 
was observed from carboxypeptidase incubated alone in 6 mM urea during 
this period. 


? Dr. Genia S. Albrecht kindly supplied this compound. 
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The incubation of the protein substrate and carboxypeptidase in urea 
was found to result in a very rapid liberation of amino acids, even in the 
presence of DFP. Paper chromatography‘ indicated that at a 1:40 mole 
ratio of enzyme to substrate the reaction was essentially complete in about 
10 minutes. At a 1:400 mole ratio the reaction appeared complete in 
about 30 minutes. For the samples used for column chromatography the 
latter ratio was employed; the concentration of carboxypeptidase was 0.24 
mg. per ml. Table I contains the results of these determinations. 

It was found that some peptide material, yielding on hydrolysis only 
alanine and tyrosine (by paper chromatography in butanol-acetic acid and 


TABLE I 
Amino Acids Liberated From Substrate by Carborypeptidase in 6 m Urea* 


Residues per 120,000 -— substrate after incubation 

3 min. 2 hrs. 


* Protein substrate, carboxypeptidase mole ratio 400:1; carboxypeptidase concen- 
tration, 0.24 mg. per ml.; incubation at 25° and pH 8.0. The values for alanine, val- 
ine, methionine, and phenylalanine have been corrected for loss, as shown in Table 


II. 
+t Color value assumed equal to that of leucine. 


in phenol-NH3), was present in the 3 minute sample but absent after 2 
hours of incubation. The amount of alanine in the latter sample was 
therefore too high, probably by at least 0.25 mole per mole of protein, as- 
suming a 2:1 ratio of alanine to tyrosine in the peptide. The peptide 
emerged in the region of glutamic acid, indicating that it was probably a 
tripeptide or larger (10). The small amount of tyrosine found in the 2 
hour sample (at which time the peptide appeared to be completely absent) 
would appear to indicate that there was only 1 tyrosine residue per mole 
of peptide. The quantity of peptide indicated in Table I is probably too 


4No ninhydrin method was found which was suitable for following the over-all 
reaction. The procedures in which a reducing agent (6, 9) was employed gave ap- 
preciable amounts of color with 6 M urea, while ninhydrin alone gave very little 
color with leucine in the presence of this concentration of urea. 
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large if the N-terminal residue was alanine (10). Paper chromatography 
with a 1:4000 ratio of enzyme to substrate showed that the first amino 
acids liberated were leucine and a qualitatively similar amount of a basic 
amino acid. The liberation of these amino acids was completed very 
rapidly, and no ready explanation for the fractional stoichiometry of 
these amino acids is at hand. 

Table II presents the results of an experiment on the recovery of amino 
acids from a solution of 6 Mm urea at pH 8. Because of the high concentra- 
tion of urea and the low pH after contact with the resin, it seemed likely 
that the recoveries of some amino acids might be relatively poor as a re- 
sult of adsorption of the positively charged form of urea (11). A consid- 
erable retention of urea on the resin during the initial adsorption of amino 


Taste II 
Recoveries of Amino Acids from Solution in 6 m Urea* 
Amino acid Found Taken Recovery 
pmoles pmoles per cent 
Phenylalanine.................. 1.78 2.0 89 


* A mixture of amino acids was dissolved in 6 mM urea, 0.02 m in Veronal buffer, 
pH 8.0, and 0.1 m in sodium chloride. An aliquot was treated with Dowex 50, and 
the amino acids were eluted into 7 per cent ammonia. This sample was chromato- 
graphed (8) after removal of the solvent by vacuum distillation. 


acids was indicated by the large amount of material emerging at 50 ml. 
of effluent in the Moore and Stein procedure (8). The figures in Table I 
have been corrected for the observed losses of alanine, methionine, valine, 
and phenylalanine. 

The quantitative data indicated that methionine probably occupies a 
carboxyl-terminal position. This may be deduced from the data for the 
3 minute period (Table 1). These data also suggest that methionine is 
followed, in order, by phenylalanine, alanine, and valine. It is possible 
that the reaction was not entirely complete at 2 hours, thus accounting 
for a deficiency of amino acids other than methionine. The figures also 
suggest that the carboxyl ends are probably identical. This finding is in 
accord with the fact that the substrate contains 2 identical N-terminal 
residues (1). This explanation of the results presented is, of course, not 
the only one possible, though it is the simplest one. 

The primary hazard in the procedure used would appear to be the pos- 
sibility of some proteinase action other than carboxypeptidase in the 
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urea solution; however, since a high concentration of DFP was present at 
all times, it is reasonable to suppose that proteolytic degradation did not 
occur. Although DFP does not completely inhibit proteolysis, it should 
be occurring very slowly, if at all, under the conditions used. Paper 
chromatography of protein substrate and carboxypeptidase incubated for 
18 hours in 6 M urea indicated that no new amino acids were liberated after 
2 hours, suggesting that endopeptidase action had been excluded. 

The absence of detectable terminal carboxy] residues in the initial pro- 
tein substrate is not necessarily indicative of groups not conforming to 
the specificity requirements of carboxypeptidase, but may merely indicate 
the inaccessibility of the terminal groups under the conditions employed. 
Carboxypeptidase is, therefore, similar to chymotrypsin and trypsin (12) 
in that its action on proteins is accelerated in urea solution. 


SUMMARY 


Carboxypeptidase has been found to be active in 6 m urea at pH 8, 
Under these conditions the action of carboxypeptidase on yeast triose- 
phosphate dehydrogenase suggests that the dehydrogenase contains two 
chains, both terminating in methionine. In addition, carboxypeptidase 
liberated phenylalanine, alanine, and valine. 
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The physical, chemical, and enzymatic properties of pancreatic carboxy- 
peptidase have been the subject of a recent, comprehensive review (2-4). 
The present study was undertaken to reexamine several features of the 
mechanism of action of this peptidase and to extend previous investiga- 
tions on the chemical composition and the inhibition of the enzyme. The 
data presented herein demonstrate that carboxypeptidase is a zinc metal- 
loenzyme. The metal is firmly bound to the protein and is apparently 
indispensable for enzymatic activity. 


EXPERIMENTAL 
Methods and Materials 


Protein concentration was determined by precipitation with trichloro- 
acetic acid (5), by micro-Kjeldahl nitrogen determinations, assuming 15.1 
per cent nitrogen (6), or by absorption at 278 my, assuming! a molar extinc- 
tion coefficient of 8.6 

Zine was determined by microchemical and spectrochemical techniques. 
Two microchemical methods, in which dithizone was employed but differ- 
ing essentially in the mode of sample preparation, were found to yield 
equivalent results, as described previously (7, 8). 

Copper was measured microchemically by diethyldithiocarbamate (9), 
with modifications of the spectrophotometry as subsequently reported (10). 

Emission Spectrography—Samples were dry ashed at 450° in a ther- 
mostatically controlled electric muffle furnace. Internal standards were 
added to the ash. Aliquots were sparked in porous cup electrodes. Jarrell- 
Ash “‘varisources”’ were employed to generate and control the spark. The 
two spectrographs were 21 foot Wadsworth mountings but differed in the 
characteristics of their gratings. One instrument was provided with a 
15,000 line per inch grating reflected maximally in the first order violet. 
The reciprocal linear dispersions were 5.18 and 5.25 A per mm., respectively. 
Eastman No. 103-0 photographic plates were employed throughout. Lines 
and backgrounds were measured with a densitometer. Working curves 


* A preliminary account has been published (1). 
‘ Unpublished determinations by Dr. G. 8. Albrecht. 
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were prepared with spectroscopically pure chemicals. Zinc was deter- 
mined both chemically and spectrographically to insure accuracy. 

All analytical procedures were carried out with precautions against metal 
contamination. Water was obtained by slow passage through mixed IR-120 
and IRA-420 ion exchange resins (Rohm and Haas). The effluent had a 
specific resistance of at least 1.5 K 10° ohms. Reagents were freed of met- 
als when necessary and stored in acid-cleaned polyethylene bottles through- 
out. 

Enzymatic activity was determined by methods previously described (11, 
12), with carbobenzoxyglycyl-L-phenylalanine as substrate. As a matter 
of routine, enzymatic assays were performed at 25° with an initial sub- 
strate concentration of 0.02 m ina 0.02 m Veronal buffer, pH 7.5, contain- 
ing 0.1 m NaCl. Activities were expressed as apparent proteolytic coef- 
ficients (cf. (2)), calculated from the strictly linear portions of first order 
reaction plots observed when hydrolysis did not exceed about 15 per cent. 

Crystalline carboxypeptidase was prepared from the exudate of freshly 
collected, frozen beef pancreas glands? (2, 3, 13). Commercial preparations, 
obtained from the Worthington Biochemical Sales Corporation, Freehold, 
New Jersey, and from Armour and Company, Chicago, were analyzed with- 
out further purification. 

Substrate and Inhibitors—Carbobenzoxyglycyl-L-phenylalanine was pre- 
pared in part by methods previously published (13); another lot was syn- 
thesized by Dr. Murray Goodman, Department of Chemistry, Massachu- 
setts Institute of Technology, by a method to be described elsewhere. 
1,10-Phenanthroline, 2,2’-dipyridyl, 8-hydroxyquinoline-5-sulfonic acid, 
2-carboxy-2’-hydroxy-5’-sulformazylbenzene (Zincon), and 2-acetylamino- 
1,3 ,4-thiodiazole-5-sulfonamide (Diamox) were obtained from commercial 
sources and used without further purification. 

Fractionation of Pancreatic Exudate—In order to follow the metal con- 
tent and the specific enzymatic activity through the process of isolation 
and crystallization of carboxypeptidase, aliquots of the following fractions 
were analyzed for zinc and other metals, nitrogen, and enzymatic activity: 
(1) the crude pancreatic juice; (2) the euglobulin precipitate obtained after 
10-fold dilution with water of the activated juice, at pH 4.6; (3) the super- 
natant solution of the euglobulin precipitate; (4) the enzymatically inactive 
solution obtained by extraction of the euglobulin precipitate with barium 
hydroxide at pH 6.0 (referred to in Table II as Ba(OH): extract); and (5) 
the enzyme obtained after the first through the fifth crystallization. For 
metal analysis these protein fractions were dried to constant weight first 
in a vacuum desiccator and then in an oven at 108°. Protein concentra- 


2 These glands were shipped to this laboratory, frozen, by Armour and Company, 
Chicago, Illinois, and Spokane, Washington. 
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tion of fractions containing non-protein nitrogen was determined by the 
micro-Kjeldah| method on the material precipitable by trichloroacetic acid 
added to a final concentration of 5 per cent. Enzymatic activities were 
determined on the freshly prepared fractions. 


Results 
Metal Analyses 


Table I presents spectrographic analyses for all metals and microchemical 
analyses for zinc and copper performed on four different preparations of 
the crystalline enzyme. 10 to 20 mg. of enzyme were employed for analy- 


- TABLE I 
Metal Analysis of Crystalline Carborypeptidase* 
Data expressed as micrograms of metal per gm. of carboxypeptidase. 


Zine Dithizone 1800 —:1980 

| Spectrography 1820 Not done | 1700 
Copper | 33 Not done | 64 
Iron | s | 40 | 54 | 36 | 75 
Aluminum | 7 | 6 4 11 | 73 
Magnesium 7 6 | 6 17 16 
Calcium ve 3 38 16 6 
Barium ” | 18 | 9 | 48 114 
Strontium Not found Not found | 1 
Manganese | | | | Not found 


* For a description of preparations, see the text. 
t Not found: beryllium, boron, cadmium, chromium, cobalt, lead, lithium, mo- 
lybdenum, nickel, phosphorus, potassium, silver, tin. | 


sis. Preparations | and 2 were prepared in our laboratory and recrystallized 
five and six times, respectively. Preparations 3 and 4 were obtained from 
two different commercial sources and had been recrystallized five and three 
times, respectively. All four preparations have comparable enzymatic 
activities and show comparable and consistently high zinc contents, both 
by spectrographic and chemical analyses. The observed differences are en- 
tirely within the error of the techniques; since zinc is easily lost on dry 
ashing, the microchemical data obtained by means of the trichloroacetic acid 
precipitation technique (5) are considered more reliable. Based on a molec- 
ular weight of carboxypeptidase of 34,400 (2, 6), the ratio of moles of zine 
per mole of carboxypeptidase for these preparations is 0.96, 0.93, 1.04, and 
0.95, respectively. All other elements are present in stoichiometrically 
and absolutely insignificant amounts. The two preparations from our 
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own laboratory, Preparations 1 and 2, contain 5.7 and 6.0 y of Mg per gm. 
of protein, and the two commercial preparations, (Nos. 3 and 4) 17 and 
16 y of Mg per gm., respectively. Lithium, employed in recrystallization, 
is not detected; barium, added in large quantities during purification, is 
apparently removed during recrystallization. Preparation 4, material re- 
crystallized three times, contains larger amounts of extraneous metals than 
do those recrystallized five or six times. 

Table II contains metal analyses and activity measurements obtained 
on pancreatic juice, the fractions attending the isolation of carboxypepti- 
dase, and the five recrystallizations of the enzyme. The zinc content 
per gm. of protein of pancreatic juice is 310 y per gm. and rises to 1870 y 
per gm. in the first crystals. There is virtually no change in zine con- 
tent with recrystallization. The ratio of moles of zine per mole of crystal- 
line carboxypeptidase remains close to 1 throughout five recrystallizations, 
The specific activity in active fractions increases and is parallel to the zine 
content. The ratio of specific activity to zine rises as “extraneous protein” 
and “extraneous zinc”? are removed. The individual concentrations of 
all other elements and their sum decrease with purification as zine and spe- 
cific activity increase. Magnesium concentration falls from more than 1000 
y per gm. of protein in the pancreatic juice to 29 y per gm. of protein in the 
euglobulin precipitate, and to even lower levels in the crystals. Strontium, 
molybdenum, and iron are apparently introduced with barium hydroxide 
and are removed during crystallization. Chromium and lead appear as 
spurious contaminants. A slight rise in calcium, magnesium, aluminum, 
and iron, after the third crystallization, is attributed to impurities in LiCl 
or water employed for recrystallization. The data in Tables I and IT indi- 
cate that recrystallization accomplishes the removal of extraneous metals. 
There is virtually no change in protein composition of the crystals, as evi- 
denced by the constant Zn to protein ratio. 

Dialysis of carboxypeptidase for 18 hours against water or ammonia does 
not remove zinc from the protein. A preparation containing 2000 y of 
Zn per gm. of carboxypeptidase before dialysis contained 1900 7 of Zn per 
gm. after dialysis against water, and 2400 y of Zn per gm. after dialysis 
against 5 X 10-* M ammonia. 

Enzymatic Activity 

The activity of carboxypeptidase recrystallized five times is inhibited 
by metal-chelating agents, such as 8-hydroxyquinoline-5-sulfonic acid, 1 , 10- 
phenanthroline, 2 ,2’-dipyridyl, and, to a lesser extent, Versene. In these ex- 
periments, the buffered enzyme solutions are incubated with the chelating 


agent at pH 7.5, 0°, for 1 hour prior to the addition of the substrate. Inhi- 
bition does not occur when these chelating agents are first incubated with 
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an equimolar amount of zinc, cupric, or ferrous ions. Zincon, sodium di- 
ethyldithiocarbamate, and Diamox (the latter employed because of its effect 
on carbonic anhydrase) had little, if any, effect on carboxypeptidase ac- 
tivity. 

The effects of increasing concentrations of 8-hydroxyquinoline-5-sul- 
fonic acid, | ,10-phenanthroline, and 2 ,2’-dipyridy! on the activity of car- 
boxypeptidase at a constant substrate concentration of 0.02 mM carbobenz- 
oxyglycyl-L-phenylalanine are shown in Fig. 1. Activity of the inhibited 
reaction is expressed as per cent of the proteolytic coefficient observed at 
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MOLAR CONCENTRATION OF INHIBITOR 
Fic. 1. Semilogarithmic plot of the per cent activity of crystalline carboxypep- 
tidase versus the concentration of 1,10-phenanthroline (@), 8-hydroxyquinoline-5- 
sulfonie acid (A), and 2,2’-dipyridyl (0). The inhibitors were incubated with the 
enzyme for 1 hour at 0° in a Veronal buffer, pH 7.5, prior to the addition of the sub- 
strate. Substrate concentration, 0.02 m throughout. The experimental points 
were connected by plotting a curve tangent to them by the principle of least squares. 


zero inhibitor concentration. The conditions of preincubation are indi- 


cated. 


DISCUSSION 


The present data establish carboxypeptidase as a zine metalloenzyme 
within the framework of previous definition (14, 15). It appears that 1 
atom of zinc is firmly bound to the protein of carboxypeptidase. 

The zine content increases throughout fractionation in the very fractions 
in which carboxypeptidase activity is increased. The zine content be- 
comes constant with crystallization and is not altered materially by recrys- 
tallization. At the same time, other metals decrease to absolutely and 
stoichiometrically insignificant amounts. Zine is firmly bound to the pro- 
tein. This is implied by the fact that the zine to protein bond is main- 
tained through the changes in pH, ionic strength, and temperature and 
against competition of other ions to which the enzyme is exposed in the 
course of fractionation. The metal is not removed by dialysis against 
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water or by prolonged standing in water at pH values considered suitable 
for the integrity of the protein. Zinc, not associated with the carboxy- 
peptidase of pancreatic juice, as indicated by the absence of enzymatic ac- 
tivity, is removed during fractionation, as is ionic zinc, which may be intro- 
duced from reagents, water, or glassware (Table Il). No precautions 
against contamination with zinc or other metals were taken during frac- 
tionation of the enzyme in the commercial laboratories or in ours. The 
levels of contamination introduced were probably different in all three 
laboratories; yet the final ratio of moles of zine to moles of enzyme is so 
close in all instances as to be virtually identical. This indicates that the 
firm Zn to carboxypeptidase bond exists in the “natural state” (16). 

Zine content and the activity of the enzyme are directly related. The 
metal is aggregated in the fractions of highest activity (Table II). 
Throughout recrystallization, both the enzymatic activities and the zine 
content remain at a constant level. The presence of all other metals is 
apparently unrelated to activity through fractionation. Thus, constant 
zine to protein, zine to activity, activity to protein ratios are achieved with 
purification of carboxypeptidase. It is unlikely that the metal is a for- 
tuitous contaminant, since the molar zine to protein ratio of the crystalline 
enzyme is an integral number, 7.e. 1. 

Preincubation of carboxypeptidase with various chelating agents pro- 
duces marked inhibition of enzymatic activity. Such inhibition does not 
occur when chelating agents are first incubated with zinc, cupric, or fer- 
rous ions to form the respective metal chelate. This would seem to indi- 
cate that the sites of chelation of these compounds are responsible for the 
observed inhibition. Inhibition is therefore not caused by any structural 
similarity between the inhibitors and the substrate. 

The agents employed are known to form stable complexes with Zn** in 
solution, and their physical chemistry has been studied (17-19). These 
agents apparently inhibit carboxypeptidase through their effects on its 
zinc atom, possibly by formation of a complex. Calculations of the stoichi- 
ometry for similar reversible enzyme-inhibitor complexes have been pro- 
posed (20). Such calculations are based on several tacitly assumed condi- 
tions. Inhibition is presumed to be fully and freely reversible under the 
test conditions. The substrate is presumed not to compete or interact 
with the inhibitor. Assuming that 2 moles of inhibitor bind to each zinc 
atom, occupying four of the six possible covalent bonds of zinc, the data 
are compatible with the calculations. 

The inhibitory effects of chelating agents, while consistent with the sta- 
bility of their zinc complexes in solution, are no direct function of this pa- 
rameter, and their physicochemical interpretations present the difficulties 
commonly encountered with data on mixed complexes (21). The geomet- 
ric arrangement of the zinc atoms with respect to protein and ligand mole- 
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cules, the steric and chemical factors contributed by the reactive polar 
groups of protein and ligand and their respective charges would alter sig. 
nificantly the constants arrived at on the basis of simpler systems (17-19), 

A full elucidation of the réle of zine in the functions of carboxypeptidase 
has to await additional experiments, now in progress, on the reversal of 
enzymatic inhibition, on the ease of exchange between bound zine and free 
zinc or other metal ions, and on the contribution of zine to the stability 
of the protein. 

The studies of inhibition of carboxypeptidase presented here support the 
conclusion that zine is both a structural and functional component of the 
enzyme and that it participates in its catalytic action. 

It has been reported that a large fraction of Zn® administered to dogs 
is excreted in pancreatic juice (22). No explanation for this finding has 
been made. The data presented here make it appear likely that at least 
part of this zine is associated with carboxypeptidase in pancreatic juice, 

Carboxypeptidase was first crystallized by Anson in 1937 (23). Interest 
in the mode of action of this enzyme was renewed by reports (24, 25) that 
magnesium is concerned with carboxypeptidase activity. This conclusion 
was based on the qualitative identification, by emission spectrography, of 
significant amounts of magnesium in the ash of the enzyme. This quali- 
tative finding was given added weight, since only traces of copper and iron 
could be found, while zinc, manganese, cobalt, barium, or lithium could 
not be detected at all. The analytical data were thought to be supported 
by studies indicating that cyanide, sulfide, phosphate, pyrophosphate, cit- 
rate, oxalate, and cysteine inhibited the enzyme, though flouride alone or 
in combination with 0.01 m orthophosphate did not. Subsequent work by 
other investigators (12) failed to confirm some of these findings, while others 
were shown to have resulted from inhibition by one of the products of the 
reaction (L-phenylalanine). The present data give no support to the re- 
port that magnesium is in any way associated with carboxypeptidase ac- 
tion; the hypothetical considerations advanced on the basis of such an as- 
sociation are therefore without foundation. 


Our thanks are due to Mrs. Alice Abrahamian, Miss Elaine Cohen, Mr. 
Thomas Coombs, Mr. Sumio Go, and Miss Flora Lerner for technical as- 
sistance. This work has been supported by grants from the Rockefeller 
Foundation, the United States Public Health Service, and by a contract 
between the Office of Naval Research, Department of the Navy, and Har- 
vard University, contract NR 119-277. 


SUMMARY 


Quantitative emission spectroscopy and chemical analyses have estab- 
lished that crystalline pancreatic carboxypeptidase is a zinc metalloenzyme 
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containing | atom of zine per molecule of enzyme protein. Metal analy- 
ses of the fractions attending the isolation of the enzyme from pancreatic 
exudate have shown that zinc is the only metal aggregated in the fractions 
with increasing enzymatic activity, thus leading to constant activity to zine 
ratios. 

Enzymatic activity is inhibited by metal-chelating agents such as 8- 
hydroxyquinoline-5-sulfonie acid, 1,10-phenanthroline, or 2,2’-dipyridyl. 
Zine is both a structural and functional component of carboxypeptidase 
and participates in the mechanisms of its catalytic action. 


SS 


BIBLIOGRAPHY 


. Vallee, B. L., and Neurath, H., J. Am. Chem. Soc., 76, 5006 (1954). 


Green, N. M., and Neurath, H., in Neurath, H., and Bailey, K., The proteins, 
New York, 2, chapter 25 (1954). 


. Neurath, H., and Schwert, G. W., Chem. Rev., 46, 69 (1950). 
_ Smith, kb. L., Advances in Enzymol., 12, 191 (1951). 


Hoch, F. L., and Vallee, B. L., Anal. Chem., 25, 317 (1953). 
Smith, lk. L., and Stockell, A., J. Biol. Chem., 207, 501 (1954). 


. Vallee, B. L., and Gibson, J. G., 2nd, J. Biol. Chem., 176, 435 (1948). 


Hoch, F. L., and Vallee, B. L., J. Biol. Chem., 181, 295 (1949). 


. Gubler, C. J., Lahey, M. E., Ashenbrucker, H., Cartwright, G. k., and Wintrobe, 


M. M., J. Biol. Chem., 196, 209 (1952). 


. Vallee, B. L., Anal. Chem., 25, 985 (1953). 

. Snoke, J. -., and Neurath, H., J. Biol. Chem., 181, 789 (1949). 

. Neurath, H., and De Maria, G., J. Biol. Chem., 186, 653 (1950). 

. Neurath, H., in Colowick, 8. P., and Kaplan, N. O., Methods in enzymology, 


New York, 2, chapter 8, in press. 


. Vallee, B. L., Scientific Mo., 72, 368 (1951). 
. Vallee, B. L., in Harrison, T. R., Principles of internal medicine, Philadelphia, 


chapter 51 (1954). 

Edsall, J. T., Enzymes and enzyme systems, Cambridge (1951). 

Kolthoff, I. M., Leussing, D. L., and Lee, T. S., J. Am. Chem. Soc., 73, 390 (1951). 

Albert, A., Biochem. J., 54, 646 (1953). 

Lauger, P. G., Fallab, 8., and Erlenmeyer, H., Helv. chim. acta, 38, 92 (1955). 

Smith, E. L., Lumry, R., and Polglase, W. J., J. Phys. and Colloid. Chem., 55, 
125 (1951). ° 

Klotz, I. M., and Loh Ming, W.-C., J. Am. Chem. Soc., 76, 805 (1954). 

Montgomery, M. L., Sheline, G. E., and Chaikoff, I. L., J. Exp. Med., 78, 151 
(1943). 

Anson, M. L., J. Gen. Physiol., 20, 663 (1937). 

Smith, k. L., and Hanson, H. T., J. Biol. Chem., 176, 997 (1948). 

Smith, E. L., and Hanson, H. T., J. Biol. Chem., 179, 803 (1949). 


polar 
r Sig- 
-19), 
idase 

al of 

free 
t the 

the | 

dogs 

‘rest 5. 
chat | 
sion 
of 
tall: 
iron | 49 
rted 12 

4 

by |S 
ers 

the 

18. 

ae 19. 

as- 20. 

Ir. 

as- 
ller 

act 

ar- 
ab- 
me 


EXPERIMENTAL PORPHYRIA 


IV. STUDIES OF LIVER CATALASE AND OTHER HEME ENZYMES 
IN SEDORMID PORPHYRIA* 


By RUDI SCHMID,t JANIE F. FIGEN, ann SAMUEL SCHWARTZ 


(From the Department of Medicine, University of Minnesota Medical School 
and Hospital, Minneapolis, Minnesota) 


(Received for publication, January 17, 1955) 


Administration of allylisopropylacetylearbamide (Sedormid')to rabbits 
and rats produces marked porphyrinuria (1-4). The livers of such animals 
contain large amounts of porphobilinogen, uro-type porphyrins, protopor- 
phyrin, and coproporphyrin (1). Protoporphyrin is excreted only, and co- 
proporphyrin chiefly, in the bile, whereas porphobilinogen and most of the 
uro-type porphyrins appear in the urine. In rabbits given Sedormid daily, 
uro-type porphyrins found in the heated urine increase from less than 0.02 to 
more than 60 mg. per day, while in rats they increase to 1.5 mg. per day or 
more. The porphyrin content of circulating erythrocytes, bone marrow, 
spleen, and brain is within normal limits (1). Bone marrow morphology 
remains normal, anemia does not develop, and there is no evidence of in- 
creased hemolysis. 

These observations suggested that Sedormid produces a metabolic de- 
fect in the liver, leading to excessive porphyrin formation. In order to 
study the mechanism responsible for this disturbance in pyrrole metabolism, 
it was important to determine the effect of Sedormid on the hepatic con- 
centration or activity of such heme proteins as cytochrome c, catalase, and 
cytochrome oxidase. Parts of these studies have been reported in pre- 
liminary form elsewhere (5, 6). 


Materials and Methods 


Allylisopropylacetylcarbamide was fed to white rabbits at a daily rate 
of approximately 200 mg. per kilo. Purina rabbit pellets and water were 


* Supported in part under a contract with the Office of the Surgeon General, 
United States Army, under sponsorship of the Commission on Liver Disease, 
Armed Forces Epidemiological Board, contracts with the Atomic Energy Commission 
(with C. J. Watson and 8. Schwartz), grants from the John and Mary Briggs Fund 
for Porphyria Research, Cleveland, Ohio, and the Graduate School, University of 
Minnesota. Presented in part at the meeting of the Central Society for Clinical 
Research, Chicago, 1953, and at the Nineteenth International Physiological Con- 
gress, Montreal, 1953. 

t Present address, Department of Biochemistry, College of Physicians and Sur- 
geons, Columbia University, New York. 

' Supplied through the courtesy of Hoffmann-La Roche, Inc., Nutley, New Jersey. 
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given ad libitum. Normal control rabbits were kept under similar cond). 
tions, except for omission of the drug. In addition, three rabbits were 
fasted for 6 days, and three were given intramuscular injections of 0.3 ml. 
of carbon tetrachloride every other day for a total of five doses. Three 
rabbits were pretreated with four to seven intramuscular injections of 2 
mg. of phenylhydrazine; 15 mg. of lead acetate were then given intravye. 
nously and the rabbits were exposed for 30 minutes to a mercury vapor 
lamp (7). 

White male Sprague-Dawley rats, weighing from 250 to 320 gm., were 
given a daily oral dose of 80 mg. of Sedormid unless otherwise indicated. 
This was mixed with 8 gm. of ground fox chow? supplemented with 10 per 
cent lard. While this diet is insufficient for maintenance of body weight, 
larger amounts of food were found to interfere with the uniform intake of 
Sedormid. In prolonged studies, food allowances were sometimes in- 
creased, as noted under ‘‘Results.”” Parenteral administration of Sedormid 
suspended in propylene glycol has given essentially the same results, but 
oral administration appeared preferable because intramuscular administra- 
tion often led to abscess formation at the site of the injection. 

For examination, the animals were exsanguinated by cardiac puncture, 
and the liver was perfused with isotonic saline before removal. The lead- 
poisoned rabbits were killed 1 to 5 days after the intravenous administra. 
tion of lead, while the carbon tetrachloride-treated animals were sacrificed 
24 hours after the final dose. 

The perfused livers were homogenized with ammonia-free water in a 
Waring blendor or Potter-Elvehjem apparatus and the same homogenate 
was used for total liver nitrogen determination (8) and assay of catalase 
activity. 

In rabbits, catalase activity of liver, kidney, and erythrocytes was de- 
termined by the method of Feinstein (9) and expressed per mg. of total 
tissue nitrogen or, in the case of erythrocytes, per ml. of packed red 
cells. In rats, catalase activity was assayed by the procedure described by 
Bonnichsen et al. (10) and expressed in Kat. f. units* per gm. of wet tissue 
or per mg. of total tissue nitrogen. In the case of red blood cells, the Kat. 
f. was calculated per ml. of packed cells. Expression of enzyme activity 
in Kat. f. units appeared to be preferable to the use of first order reaction 
constants as employed by Bonnichsen et al., because it permitted direct 
comparison of data in the widely varying tissue dilutions used. 

The following experiment was set up to study the effect of Sedormid 
upon catalase formation in the liver. Ten normal and ten Sedormid-poi- 


? We are indebted to R. B. Latchaw of Cargill, Ine. (Nutrena Feed Mill), Minne 
apolis, for preparation of the ground mixtures. 
3 Kat. f. = (2.3 X k)/(gm. wet weight or mg. of total N). 
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«oned rats were given several injections of glycine-2-C"™ and the incorpora- 
tion of labeled glycine into the heme group of hepatic catalase was deter- 
mined 48 hours after the first glycine injection. Details of the experiment 
are given in Fig. 1. 

Catalase from the perfused rat livers was prepared and purified by the 
procedure of Tauber and Petit (11). To remove traces of blood pigment 
the preparations were extracted with a mixture of chloroform and ethanol 
as suggested by Zeile and. Hellstrém' (12) and by Stern (13). Spectro- 
scopic examination and paper electrophoresis on Whatman No. 1 paper, 


10 MALE RATS, “| RANGE 265- 


| | 


MALE RATS, WEIGHT RANGE 


LLED 


24 36 48 


TIME IN HOURS 


Fic. 1. Isotopic study of catalase synthesis. Upper part of figure, three oral 
doses of 80 mg. of Sedormid given to the rats; six intraperitoneal injections of gly- 
cine-2-C™, 2 & 10% e._p.m., administered. Lower part of figure, only six intraperi- 
toneal injections of glveine-2-C™, 2 10* e.p.m., administered. 


with 0.1 st phosphate buffer, pH 6.0, showed the concentrated catalase to 
be highly purified; no evidence could be found for the presence of contam- 
inating hemoglobin. 

10 volumes of HCl-acetone were added to the catalase solution (14). 
After neutralizing the acid with sodium acetate, the hematin was extracted 
into ethyl acetate. The hematin content was estimated in an Evelyn color- 
imeter, and 9 parts of inactive carrier hematin were added. The ethyl 
acetate was evaporated to dryness and the hematin was converted to meso- 
porphyrin by boiling for 2 to 3 minutes in a 6:1 mixture of hydriodic acid 
(sp. gr. 1.70) and glacial acetic acid (13). The mesoporphyrin was esteri- 
fied with methyl aleohol-sulfurie acid (20:1) and the ester was purified by 
repeated calcium carbonate chromatography (15). The sample was then 
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crystallized from distilled methanol. After being washed further with 
methanol, the crystals were dissolved in chloroform for fluorometric anal. 
ysis (16) and then evaporated to dryness on a stainless steel planchet for 
determination of specific activity in a proportional counter.‘ 

As a control experiment in the same rats, the incorporation of glycine-2. 
C™ into the heme group of other chromoproteins present in the liver was 
determined. The precipitate and supernatant solution remaining after 
separation of the catalase were extracted with HCl-acetone and the freed 
hematin was converted to mesoporphyrin and counted in the above de. 
scribed manner. The pooled hearts and lungs from each group of rats 
were treated and analyzed in similar fashion. 

Liver cytochrome c determinations were done by the method of Rosenthal 
and Drabkin (17). Recovery experiments with known amounts of cyto- 
chrome c added to liver homogenate gave from 92 to 105 per cent recovery. 

Liver cytochrome oxidase activity was assayed by the method of Hess 
and Pope (18), modified as follows: Liver tissue was put through the tis. 
sue press and mixed with 19 volumes of distilled water. After adjustment 
of the pH to 7.5 with 0.1 N sodium hydroxide, the mixture was homoge. 
nized for 10 minutes in a cooled Virtis homogenizer with a setting at 120. 
The homogenate was then centrifuged for 30 minutes at 1400 * g and 0°. 
(Highest enzyme activity was consistently found by this procedure in 
preliminary tests which compared various homogenization techniques and 
various buffers. The addition of sodium deoxycholate (18) to the tissue 
homogenate did not increase the enzyme activity.) The supernatant liq- 
uid was diluted 1:800 or 1:1600 with water and 0.2 ml. of the diluted 
solution was added to 2.8 ml. of 2.5 K 10-° m reduced cytochrome c in 0.05 
mM phosphate buffer (pH 7.1) at room temperature (18). Cytochrome 
oxidase activity was expressed as change in optical density per minute per 
mg. of nitrogen. Each enzyme assay was done in duplicate. 

Succinic dehydrogenase activity was determined by a slight modifica- 
tion of the method described by Cooperstein et al. (19). The hepatic 
tissue was homogenized for 2 minutes each, first in a Potter-Elvehjem 
apparatus, then in a cooled Virtis homogenizer. The preliminary Potter- 
Elvehjem homogenization was done only to obtain aliquots for catalase 
assay. Succinic dehydrogenase activity was expressed as change in opti- 
cal density of ferricytochrome ¢ per minute per mg. of nitrogen. Each 
enzyme assay was done in triplicate. 

Liver catalase determinations were done in all animals, but otherwise 
different rats were used for each enzyme assay. Urine and tissue por- 
phyrins and porphobilinogen were determined as described elsewhere (1, 


‘Nuclear measurement P-C-2 proportional counter. 
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16, 20). Studies relating to the possible presence of catalase inhibitors 
and to the possible inhibiting effect of Sedormid itself are described in the 
experimental section. 
Results 
Tissue Catalase Studies 
Studies of liver catalase activity and of liver and urinary porphyrins in 
Sedormid-treated rats are summarized in Table I. As illustrated, liver 


catalase activity fell to approximately 10 per cent of normal within 3 
days and reached 2 to 4 per cent of normal within 2 weeks with daily 


treatment. Liver and urinary coproporphyrin values increased rapidly 
I 
Hepatic Catalase Activity and Porphyrin Concentration in Rats with Sedormid 
Poisoning 
Sedormid 
Range Mean Uro Copro Proto Uro Copro 
0 85 -97 90.0 Trace 10 22 Trace 16 
3 6.3- 9.4 8.1 32 99 153 18 89 
6 6.7-10.3 8.4 134 93 93 34 &9 
9 5.0—- 6.2 5.5 188 130 186 33 101 
12 1.8- 2.2 2.0 1100 108 56 541 132 
15 2.3- 6.1 3.6 1730 113 55 1235 90 


Three male rats studied at each time interval. 


and then leveled off, while uroporphyrin values showed a slower though 
progressive increase for the duration of the experiment. Liver proto- 
porphyrin concentration showed considerable variation above normal in 
different animals. Marked reduction of the daily dose of Sedormid was 
followed by a rapid fall in excretion of urinary porphyrins and porphobilin- 
ogen and by a partial restoration of liver catalase activity. 

Comparative data on catalase activity of liver, erythrocytes, and kidney 
in rats fed Sedormid for periods of up to 42 days are summarized in Table 
Il. No significant change was observed in erythrocyte catalase values, 
while those of the kidney fell somewhat but showed no consistent pattern 
after the 3rd day. In rats fed additional fox chow, kidney catalase values 
at 42 days showed considerable overlapping with those found in normals. 
No significant change in blood hemoglobin values was observed even after 
prolonged Sedormid administration. 

Data on the relative specificity of the decrease in liver catalase activity 
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seen with Sedormid treatment of rabbits are illustrated in Fig. 2. Neither 
fasting for 6 days nor administration of lead or carbon tetrachloride yielded 
significant changes in liver catalase activity per mg. of liver nitrogen. 


TABLE Il 
Tissue Catalase Activity in Rats with Sedormid Poisoning 
lase 
No. of rats f. 
oi Average Range Average Range 
12 0 91 47 31-60 37 2945 
6 3 8 55 46-65 21 14-29 
3 6 8 51 50-51 31 28-34 
3 9 6 51 49-52 13 8-17 
3 12 2 50 47-54 26 19-37 
3 15 4 43 41-44 10 9-11 
2 28 3 53 53 22 20-23 
8 42* 5 48 43-54 28 18-40 
* 10 to 16 gm. of fox chow per day. pigs 
STARVATION 
il 
| 
SEDORMID 6 DAYS 
3 DAYS (3 DAYS 
0.8 (ODAYS 
0.6 
17 DAYS 
4 
0 16 20 24 28 
Fic. 2. Liver catalase activity in rabbits with Sedormid porphyria. Compara- 


tive data are given for normal and fasted rabbits, and for rabbits treated with lead 
or carbon tetrachloride. Ordinate, milliequivalents of NaBO; reduced in 5 minutes 
at 37° and pH 6.8; abscissa, mg. of nitrogen per ml. of liver homogenate. 


Table III summarizes the results obtained in the experiments devised 
to test a possible inhibitory effect of Sedormid on catalase activity. No 
inhibition of enzyme activity could be demonstrated. 

The results obtained in studying the formation of liver catalase by means 
of labeled glycine are given in Table IV. 48 hours after the first injection 


0 

3 
3 
3 
3 
3 


utes 


10n 


R. SCHMID, J. F. FIGEN, AND S. SCHWARTZ 269 


of glycine-2-C™, no radioactivity could be detected in the heme group of 
hepatic catalase in Sedormid-treated rats, whereas, in normal rats, signifi- 


TaB_e III 
Studies of Possible Catalase Inhibition by Sedormid 
Source of catalase Treatment Catalase activity 
1A. Normal rat liver H,.O homogenate 118 Kat. f. per gm. 
1B. Same Sedormid solution 
homogenate* 
9A. Beef livert H.O solution k = 0.69 
2B. Same Sedormid solution* ‘* = 0.69 
3A. Normal rabbit liver H.O homogenate 94 Kat. f. per gm. 
3B. Sedormid-treated rabbit 
liver 
3C. Equal parts of (3A) and (3B) 
3D. (3A) after dialysist 
3E. (3B) sé 2.9 “cc 


* Saturated aqueous solution of Sedormid (25 mg. per 100 ml.). 

t Powdered beef liver catalase, lot No. R318116, kindly supplied by Armour and 
Company, Chicago. 

t 24 hour dialysis against cold distilled water. 


TaBLe IV 
Specific Activities of Crystalline Mesoporphyrin Methyl Esters 


_ {Crystalline Counts per 
Type of rat Source Hematin | mesopor- | nesoporphyrin 
Control Liver catalase 148 7.3f| 1.34 + 0.09f 
‘Liver hematin fraction”’ 71,000 | 2560 1.47 + 0.01 
“Heart and lung hematin 3330 0.74 + 0.02 
fraction”’ 
Sedormid-treated | Liver catalase 81 10.5t| 0.1 + 0.1 
‘‘Liver hematin fraction”’ 60,000 | 1140 2.36 + 0.01 
“Heart and lung hematin 2760 0.57 + 0.02 
fraction”’ 


* Counted in a Nuclear measurement P-C-2 proportional counter. 

t Corrected for added carrier. 

t Combined standard deviation calculated as the square root of the sum of the 
squares of the individual standard deviations of sample and background. 


cant activity was present. On the other hand, the “liver hematin frac- 
tion” and the “‘heart and lung hematin fraction” of both Sedormid-treated 
and control animals showed significant activity. The factors responsible 
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for the higher specific activity in the “liver hematin fraction” of Sedormid. 
treated animals as compared with the controls are not known. 

Substantial losses occurred in the purification of the liver catalase, jn 
the preparation of catalase hematin, and in the conversion of the latter 
to mesoporphyrin. The amounts of chromatographically pure crystalline 
mesoporphyrin methyl ester were, therefore, very small and bore little 
relation to the amount of catalase originally present in the liver homog. 
enates. 


TABLE V 
Hepatic Cytochrome c Content in Rats with Sedormid Poisoning 


xperi- ; ver 

No. of rats sedormia | per “weight. | PEF EM. 

weight* Average Range 
gm. 7 

6T 0 0 160 141-188 
6t 0 10 7.3 24.4 230 210-260 
2 14 152 148-157 
4 23 26.4 122 113-131 
2 28 19 11.0 27.5 126 121-130 
2 42 34 10.8 23.9 69 55- 83 
8§ 42 10 9.8 20. 132 101-179 


* Mean initial body weight 261.5 gm.; range 234 to 301 gm. 

t Fox chow ad libitum. 

t Sprague-Dawley rats, supplied from a different source. 8 gm. of fox chow per 
day for 8 days prior to examination. 

§ 10 to 16 gm. of fox chow per day. 


While it would have been desirable to determine the specific activity of | 
the catalase heme at a longer time interval after administration of labeled | 


glycine, this was impossible in the Sedormid-treated animals because in- 
sufficient catalase could be recovered from these livers. 


Liver Cytochrome Studies 


Data for hepatic cytochrome c concentrations are given in Table V. 
While Sedormid administration appears to have a significant effect on 
the amount of this heme compound in the liver, the decrease may well be 
related to excessive weight loss, since, in rats with only 10 per cent weight 
loss in 42 days, hepatic cytochrome c concentration did not differ appre- 
ciably from that of control animals. The reason for the difference in 
liver cytochrome c concentration between the two groups of control ani- 
mals is probably related to their nutritional status.® 


5 Drabkin, D. L., personal communication. 
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Liver Cytochrome Oxidase and Succinic Dehydrogenase Studies 


Pertinent data are given in Table VI. Although considerable variation 
in enzyme activity was found within individual groups of rats, no signifi- 
cant effect of Sedormid administration upon the over-all activity of liver 
cytochrome oxidase and succinic dehydrogenase could be demonstrated. 


TABLE VI 


Liver Cytochrome Oxidase and Succinic Dehydrogenase Activity in 
Sedormid-Poisoned Rats 


A optical density per mg. N per min. 


Days on Sedormid | Cytochrome oxidase* Succinic dehydrogenasef 
Range Mean Range Mean 
0 12-19 15.2 13-30 17.8 
l 16-21 17.7 15-27 20.1 
2 9-21 | 13.5 7-19 12.9 
4 | 14-24 18.4 
6 16-18 | 16.8 
7 14-18 16.5 
15-19 17.3 
10 | | 10-26 17.4 
45} | 24-25 | 24.6 | 


Pooled estimate of standard deviations of individual determinations equaled 
0.98 for cytochrome oxidase and 0.85 for succinic dehydrogenase. 

* Three rats per group, 0 to 2 days; two rats per group, 6 to 45 days. 

t Ten control rats; four rats in each treated group. 

t Average weight loss 20 per cent during study. Mean mg. of N per gm. of liver 
equaled 27.2 in contrast to mean values of 31 to 34 in each of the other groups. 


Therapy Studies 


Daily intramuscular administration of the following compounds for 
periods of 12 to 18 consecutive days did not appear to modify significantly 
the metabolic changes produced by daily Sedormid feeding: Vitamin By 
(50 to 100 y twice daily), riboflavin (5 mg. daily or twice daily), nicotin- 
amide (50 to 100 mg. daily), thiamine chloride (50 mg. daily), pantothenic 
acid (5 mg. twice daily), p-aminobenzoic acid (50 to 100 mg. daily), folic 
acid (7.5 mg. daily), folinic acid (250 units daily), biotin (50 y daily), 
zinc sulfate (10 mg. daily), adrenocorticotropic hormone® (20 units daily), 
nicotinamide-riboflavin-vitamin By: (combined, single dosage as indicated 
above), glutathione (40 mg. every 2 hours for 30 hours). 


* Kindly supplied by kh Lilly and Company, Indianapolis. 
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DISCUSSION 


The effect of nutritional and hormonal factors and of malignant tumors 
upon hepatic catalase activity in man and experimental animals has been 
discussed elsewhere (21-30). With the possible exception of some tumor. 
bearing animals, however, the decrease in liver catalase has in no instance 
been of the order of magnitude observed in Sedormid intoxication. The 
results of studies on the incorporation of glycine-2-C™ into the heme of 
liver catalase are in accord with the interpretation that Sedormid interferes 
with catalase synthesis by the liver. If this is the main effect of Sedormid 
on hepatic catalase metabolism, the data presented suggest a short half 
life for rat liver catalase. Theorell and coworkers (14) have presented 
evidence indicating that in guinea pigs the turnover rate of liver catalase 
is much more rapid than that of the other heme proteins studied, includ- 
ing catalase in red blood cells. Their findings in guinea pigs would appear 
to be in general agreement with the observations in rats reported herein. 
The possibility has not been excluded, however, that, in addition to pro- 
ducing an almost complete block in liver catalase formation, Sedormid 
may accelerate the breakdown of hepatic catalase. 

It is of interest that Sedormid does not appear to interfere with the 
formation of other heme proteins studied, notably hepatic cytochrome 
oxidase and red cell catalase and hemoglobin. Further study of liver 
cytochrome c is needed. 

The mechanism leading to the excessive porphyrin formation in the 
liver is not fully understood. Protoporphyrin and coproporphyrin con- 
centrations increase almost simultaneously with the decrease in catalase, 
whereas porphobilinogen and uroporphyrin concentrations increase only 
later, when the catalase activity has already reached very low values. 
This might suggest that Sedormid blocks the incorporation of porphyrin 
or of heme into the catalase molecule, thus resulting in an accumulation 
of porphyrin in the liver. However, since the per diem excretion of por- 
phyrins and their pyrrole precursors greatly exceeds the amount of catalase 
heme present in the liver, it is evident that the former are produced in ex- 
cess of the amount required for normal catalase synthesis. 


SUMMARY 


1. Administration of allylisopropylacetylcarbamide (Sedormid) to rab- 
bits and rats produced simultaneously a marked and rapid fall in liver 
catalase activity and a great increase in hepatic porphyrin concentration. 

2. No significant changes were observed in erythrocyte catalase activity 
and hemoglobin concentration or in the activity of liver cytochrome oxi- 
dase and succinic dehydrogenase. The decreased concentration of liver 
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cytochrome c found may be attributable to marked weight loss rather 
than to a specific Sedormid effect. 

3. The results of studies with glycine-2-C" are in accord with the inter- 
pretation that Sedormid blocks the formation of catalase in the liver. 
The markedly increased concentration of porphyrin in the liver may be 


due, in part at least, to this metabolic block. 


The authors are grateful to Dr. C. J. Watson, Dr. David Glick, and 
Dr. Paul D. Boyer for their advice and constructive criticism. Marie 
Kiefer, Page R. Edmondson, and Michael Keprios have given valuable 
technical assistance. 
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THE BINDING SITES OF SARCOSINE OXIDASE* 


By WILHELM R. FRISELL ann COSMO G. MACKENZIE 


(From the Department of Biochemistry, University of Colorado School of 
Medicine, Denver, Colorado) 


(Received for publication, February 28, 1955) 


One of the most direct means for mapping the structure of the active 
surface of an enzyme is provided by competitive inhibition analysis, an 
operation which may be defined as a study of an enzyme’s structural re- 
quirements for competitive inhibitors which are devoid of substrate ac- 
tivity. Presumably under these conditions the binding of the inhibitor and 
enzyme is the principal reaction, thus permitting attention to be focused 
on this function to the exclusion of others. Such an analysis is particularly 
advantageous in the case of oxidative systems which normally entail a 
number of consecutive and as yet inseparable reactions consequent to the 
initial substrate enzyme interaction. However, the application of com- 
petitive inhibition analyses to oxidative systems has been less common 
than might be expected, although considerable emphasis has been placed on 
the classical succinate-malonate system discovered by Quastel and Wool- 
dridge 25 years ago (1). Indeed, it would appear that detailed knowledge 
of the active center of an enzyme is available only for the hydrolytic en- 
zyme, acetylcholinesterase, as a result of the elegant studies of Nachman- 
sohn, Wilson, and their coworkers (2-5) in which the substrate is depicted 
as bound in its uncoiled form to the enzyme. Consequently, when we 
discovered that methoxyacetate (the analogue of sarcosine in which N is 
replaced by QO) inhibits the oxidative demethylation of the latter compound 
but is itself devoid of substrate activity, it seemed worth while to explore 
the structural requirements of this inhibition (6). Our interest in the prob- 
lem was further heightened by the finding that, despite major differences 
in structure, inhibitory activity of a comparable order of magnitude is ex- 
hibited by acetate itself. Moreover, the relative structural simplicity of 
sarcosine and the two inhibitors suggested that it would be possible to em- 
ploy numerous variants in a fashion not feasible for an inhibition analysis 
involving more complicated compounds. 


* A preliminary report of this work was presented before the American Society of 
Biological Chemists at Chieago, April 10, 19583 (Federation Proc., 12, 206 (1953)). 
This work has been supported by a grant from the National Institutes of Health, 
United States Publie Health Service. 
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Inhibition of Sarcosine Oxidase by Methoxyacetate and Acetate 


Sarcosine is demethylated oxidatively by washed liver sediments or 
mitochondria to yield “active formaldehyde” and glycine. Concurrent 
with its formation, the “active formaldehyde” reacts with glycine to form 
serine or, alternatively, is converted irreversibly to formaldehyde (6-8), 
The datain Table I show that, when sarcosine is metabolized in the presence 
of methoxyacetate and acetate, there is a marked reduction in oxygen up- 
take and a corresponding diminution in formaldehyde and serine produc. 
tion. Under these circumstances glycine formation, as demonstrated by 
chromatographic analysis, is also significantly decreased (6). 


TABLE I 


Inhibition of Sarcosine Metabolism by Methoxyacetate and Acetate in Presence 
and Absence of Semicarbazide 


20 umoles of sarcosine and 50 uwmoles of inhibitor incubated 1 hour with particu- 
late fraction equivalent to 0.5 gm. of liver; per cent inhibition based on oxygen up- 
take at 30 minutes. 


| Products at 1 hr. 
Semicarbazide | Inhibitor Oxygen uptake 
CH:0 Serine 
pmoles . microatoms pmoles pmoles 
0 None 14.8 6.4 6.5 
0 Methoxvacetate 6.2 2.2 2.6 58 
0 Acetate 7.6 3.3 3.3 49 
50 None 13.1 13.4 0 
50 Methoxyacetate 5.6 5.8 0 57 
50 Acetate 7.2 7.1 0 45 


Evidence that the inhibitors interfere directly with the oxidation of the 
N-methyl group was obtained by eliminating subsequent reactions by the 
addition of semicarbazide. We have found that this carbonyl reagent 
eliminates serine synthesis without affecting the rate of methyl oxidation. 
Moreover, all of the oxidized N-methyl groups can be recovered as formal- 
dehyde. Asshown in Table I, when methoxyacetate and acetate are added 
to a preparation containing semicarbazide, the degree of inhibition is almost 
exactly the same as when serine is being actively synthesized. 

In further experiments with the washed sediment, it was shown that 
methoxyacetate and acetate do not inhibit mitochondrial oxidations known 
to involve flavin adenine dinucleotide, coenzyme I, or the cytochrome 
system such as the dehydrogenation of lactate and succinate or the deami- 
nation of p-methionine. 
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Mechanism of Inhibition 


To establish the mode of the inhibition, varying concentrations of sarco- 
sine were oxidized in the absence and presence of fixed levels of methoxy- 
acetate or acetate. The substrate concentrations employed were all suffi- 
cient to saturate the enzyme system, giving identical initial rates of oxygen 
consumption in the absence of inhibitor. The degree of inhibition as a 
function of sarcosine concentration is plotted in Fig. 1. It may be seen 
that at the three different levels of methoxyacetate and acetate studied the 
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Fic. 1. The reversibility of the competitive inhibition of sarcosine oxidation by 
methoxvacetate, acetate, and butyrate. 


per cent inhibition is significantly reduced as the sarcosine in each flask 
is increased from 5 to 80 umoles. This marked decrease of inhibition with 
an increase in the sarcosine-inhibitor ratio is characteristic of competitive 
inhibition, and at the same time demonstrates that the combination of the 
inhibitor with sarcosine oxidase is a reversible process. Indeed, the data 
show that at the lowest levels of both methoxyacetate and acetate the in- 
hibitors have been almost completely displaced by sarcosine from the active 
site of the oxidase. Under these same experimental conditions, butyrate 
also was found to be a competitive inhibitor (Fig. 1), but was only about 
one-fifth as effective as methoxyacetate. 

The kinetics of the inhibition were also analyzed under the conditions 
in which the initial rates of oxidation were functions of the sarcosine con- 
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centration. These data, treated graphically by the Lineweaver-Burk 
method (9) and presented in Fig. 2, provide further evidence that the in. 
hibition by both methoxyacetate and acetate is primarily competitive in 
nature. In addition, the dissociation constants calculated from these 
analyses make it possible to compare the binding forces involved in the 
union of the oxidase with the substrate and with the inhibitors. The K, 
for the sarcosine is found to be 1.4 X 10-* mole per liter, while the K;, 
values for methoxyacetate and acetate are 1.8 X 107 and 2.7 K 10° 


0.20 SARCOSINE 


METHOXYACETATE 
0.18 O 
@ 25 uM 
0.1 ACETATE : 
10 uM 
0.14- 25 uM - 
Vv 


0.02 
L 
0.10 020 0.30 
RCOS! 


Fic. 2. Competitive inhibition by methoxyacetate and acetate. 1/v, reciprocal 
of microliters of O. per 15 minutes; [sarcosine], micromoles per 2.4 ml. 


mole per liter, respectively. Assuming that A,, represents the real dis- 
sociation constant for the sarcosine-enzyme complex, these values indicate 
that the affinity of the enzyme for methoxyacetate is only slightly less than 
that for sarcosine, but that the binding of the acetate is only about half 
as strong.! 


Structural Specificity of Inhibitors 


A study of a number of methoxyacetate and acetate analogues leaves 
little doubt that.there are certain minimal structural prerequisites required 


ky 
' For the process, S + KE Sy ES — + + products, A,, is defined as (ky + 
ky 
k3)/k,, and will represent the true equilibrium constant for the enzyme-substrate 
union only if kz is many times greater than ky. 
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for inhibitory activity. Without exception, the most effective inhibitory 
compounds possess terminal anionic groups and, when such negatively 
charged groups are replaced by less polar substituents, the ability to in- 
hibit decreases significantly and in some cases disappears (Table II). This 
is particularly evident from the series of methoxyacetate and acetate an- 
alogues, where the order of decreasing inhibitory power is seen to be meth- 
oxyacetate > methoxyethanol > methoxyacetamide, and acetate > acet- 
aldehyde > ethanol > acetamide. In keeping with these results is the 
finding that sarcosinamide and monomethylaminoethanol are only weakly 
inhibitory and have no detectable substrate activity. 

The data of Table II show also that a terminal methyl] group is an essen- 
tial part of the inhibitor structure. Thus glycine and formate, the latter 
in concentrations 10 times greater than the effective levels of methoxyace- 
tate and acetate, are essentially devoid of inhibitory activity toward sarco- 
sine oxidase.2 When the methyl] group is present in an anionic molecule, 
thereby eliciting inhibitory activity, maximal inhibition apparently is at- 
tained only when this methyl group is unsubstituted. For example, re- 
placement of one of the hydrogens of acetate (or propionate) with a halogen 
substantially depresses inhibitory capacity. It is of interest that this de- 
pression is proportional to the atomic radius of the halogen (Table II). 
Consistent with this finding also is the fact that dimethylglycine and be- 
taine are neither inhibitors nor substrates. 

With respect to the effect of the distance between the methyl and the 
anionic groups on inhibitory activity, it may be seen from Table II that 
the order of decreasing inhibitory ability in the aliphatic anion series is 
acetate > propionate > butyrate > valerate. Also of importance, how- 
ever, is the electronic configuration of the atoms between the methy! and 
carboxyl groups. This is illustrated by the comparison of methoxyacetate 
and butyrate. Although these anions have almost identical molecular 
dimensions, methoxyacetate is about 5 times more effective than butyrate 
asaninhibitor. Relative to the 8-CH;, of butyrate, the O atom of methoxy- 
acetate has a greater electronegativity and would be capable of forming a 
tighter bond with some electrophilic center on the enzyme surface. That 
changes in electronegativity within the inhibitor structure affect inhibitory 
activity is emphasized further from a comparison of methoxyacetate and 
S-methyl thioglycolate. With the substitution of the somewhat less 
electronegative and larger S atom for O, the inhibitory effectiveness is de- 
creased, yet nevertheless it is still greater than the activity of butyrate, the 
corresponding aliphatic compound. Thus, while extending the distance 


? For appreciable activity the methyl and carboxyl groups must be present in the 
same molecule. Thus, a mixture of 50 uwmoles each of methanol and formate results 
in less than 10 per cent inhibition, whereas the same level of acetate inhibits about 50 
per cent. 
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TaBLeE II 


Inhibition of Sarcosine Oxidation by Methoxryacetate and Acetate Analogues 
and Sarcosine Derivatives 


Per cent 
Inhibitor* inhibitiont 


Substitution of COOH Methoxyacetate 64 
Methoxyethanol 
Methoxyacetamide 
Acetate 
Acetaldehyde 
Ethanol 
Acetamide 
Substitution in CH; Acetate 
Fluoroacetate 
Chloroacetate 
Bromoacetate 
lodoacetate 
Trichloroacetate 
Formate 
Oxalate 

Glycine 
Length of C ehain Acetate 
Propionate 
Butyrate 
Valerate 
Electronegativity of chain Methoxyacetate 
S-Methy] thioglycolate 
Butyrate 
Acetoacetate 
Propionate 
Acrylate 
8-Chloropropionate 
8-Alanine 
a-L-Alaninet 
Pyruvate 
Malonate 
Derivatives of sarcosine Sarcosinamide 
Monomethylaminoethanol 
Dimethylglycine 
Betaine 


S52 


_ 
wo 


councooen 


*It is recognized, of course, that a number of inhibitors (8-chloropropionate, 
pyruvate, etc.) fall within several of the categories employed in tabulating the re- 
sults. 

+t Repeated measurements in triplicate agreed to within 5 per cent. See the 
‘‘Experimental”’ section for calculation of per cent inhibition. 

t a-p-Alanine inhibits the synthesis of serine but appears to have no effect on the 
oxidative demethylation of sarcosine (8). 
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between the methyl] and carboxyl groups by introducing methylene carbons 
decreases inhibitory activity, substitution of nucleophilic atoms for the 
g-carbon counteracts this effect, and in the case of methoxyacetate com- 
pletely reverses it, rendering this compound more effective than acetate. 


Topography of Active Surface 


Any diagrammatic representation of the active center of sarcosine oxi- 
dase must take into account the foregoing relationship between structure 
and activity, namely that acetate and methoxyacetate have comparable 
competitive activities even though they are structurally dissimilar. Since 
the inhibition analysis indicates that the methyl] and carboxy] (or aldehyde) 
groups are essential for the activity of all inhibitors, we were led to postu- 
late that methoxyacetate (and sarcosine) can assume a configuration in 
which the distance between the methyl and carboxyl groups is reduced to 
the distance that prevails for acetate. This was seen to be the case when 
Fisher-Hirschfelder-Taylor models of methoxyacetate and sarcosine were 
twisted into their most compact forms. Fig. 3 illustrates the atomic dis- 
tances when the compounds exist in this spatial configuration. Under 
these circumstances there is little difference in the lengths of the axes pass- 
ing through the carboxyl and methyl groups of methoxyacetate, acetate, 
and sarcosine. 

In the order of increasing numbers of methylenic carbons, the higher 
analogues of acetate should have less opportunity for getting into the po- 
sitions indicated for methoxyacetate and acetate. Thus, although it is 
possible for butyrate and valerate to be attached to the enzyme through 
their terminal methyl] and carboxyl groups, they must be “bent” in order to 
accomplish this. However, it is presumed that under normal circumstances 
they might not frequently assume such a compact spatial arrangement at 
the catalytic surface, particularly since they lack a strongly electronegative 
atom between the methyl and carboxyl groups which would enable them 
to be pulled into this configuration by the enzyme. 

From the experimental findings it may be deduced that three binding 
sites are located on the active surface of sarcosine oxidase. It appears 
from the analysis that the site which attracts and binds the sarcosine car- 
boxylate group is electrophilic in nature and may be either positively 
charged, as in a —N*H,, or else have no formal charge, as with a hydroxy- 
amino acid residue. Secondly, the methyl group presumably is bound to 
a hydrocarbon moiety in the protein surface which could give rise to dis- 
persion forces (cf. alkyl groups, Fig. 3) equivalent to an energy of about 
2 kilocalories per mole (5). With regard to the réle of a terminal methyl 


ite, 
re- 
the 
the 


282 SARCOSINE OXIDASE 


group in inhibitor binding it will be recalled that the substitution of the 
halogens for hydrogen weakened the inhibitor binding proportionately to 
the size of the halogen. Such a finding is reasonable since the increasing 
size and polarity in the series, F:Cl: Br:I, would tend to decrease the dis- 
persion forces binding the methy! group of the inhibitor and the hydro- 
carbon region of the active site. Lastly, the inhibition analyses with 
methoxyacetate and its analogues show that at least one other grouping 
is involved in the structure of the active surface of sarcosine oxidase, and 


Fic. 3. The binding sites of sarcosine oxidase. The dash lines indicate the bind- 
ing sites. ---CH.—CH,; signifies the hydrocarbon moiety binding the methyl group 
of substrate and inhibitors. 


the data suggest that, like the region concerned in the carboxylate binding, 
the third site is also electrophilic in nature. 

Calculated from K,, and K;, the energies of binding are 4.0 kilocalories 
for sarcosine, 3.9 kilocalories for methoxyacetate, and 3.7 kilocalories for 
acetate. The energies estimated from a binding involving all three sites 
of the active surface depicted above are of a comparable order of magnitude. 

As depicted in Fig. 3, the primary binding sites of the active surface of 
sarcosine oxidase constitute three corners of a square in which the methyl 
and carboxylate binding sites are contiguous. In order to fit this pattern, 
sarcosine must assume its most compact configuration. Thus, in addition 
to being dependent upon a distinct linear arrangement of atoms and charges 
in a molecule, enzyme-substrate and enzyme-inhibitor specificities are 
functions of the ease or probability with which these molecules can be 
twisted or bent into a definite spatial configuration. 
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EXPERIMENTAL 


Inhibitors—Methoxyacetamide was prepared by treating the ethyl ester 
of methoxyacetic acid with concentrated ammonia (10). After recrystal- 
lization from water, the amide melted at 97—99°, uncorrected. 


C,H;OeN. Caleulated, N 15.7; found, N 15.9 


S-Methylthioglycolic acid was prepared by the method of Maw and du 
Vigneaud (11) by methylating ethyl thioglycolate with methyl iodide in 
alcoholic sodium methoxide and hydrolyzing the resulting ester with so- 
dium hydroxide. The free acid boiled at 119—120°, uncorrected, at a 
pressure of 20 mm. and gave the following titration analysis: m.eq. Cal- 
culated, 0.56; found, 0.55. 

Sarcosinamide hydrochloride was prepared as described by Marvel et al. 
(12). 


C;H,ON.Cl. Calculated, N 22.5; found, N 21.8 


The other compounds examined for inhibitory activity were commercial 
preparations which were redistilled or recrystallized until their physical 
constants coincided with those reported in the literature. All solutions of 
sarcosine (free base, Hoffmann-La Roche) and inhibitors were made with 
0.075 mM potassium phosphate buffer of pH 7.8 (6), the acidic and basic 
compounds being neutralized with 6 nN KOH or 6 Nn H;PO,, respectively. 

Enzyme Preparation—The washed particulate fraction of liver was pre- 
pared from Sprague-Dawley rats, 150 to 200 gm., as described in an earlier 
paper (6). The final suspensions contained the equivalent of 0.25 gm. of 
liver per ml. The potassium phosphate buffer was the same as that used 
in our previous experiments (6), except that it did not contain calcium ions. 

Manometric Technique—Each Warburg flask contained 2 ml. of the 
washed liver preparation in the main compartment. The ‘endogenous 
flasks’”’ had either 0.4 ml. of buffer or 0.2 ml. of buffer plus 0.2 ml. of in- 
hibitor solution in the same side arm; the other flasks contained 0.2 ml. of 
sarcosine solution plus either 0.2 ml. of buffer or 0.2 ml. of inhibitor so- 
lution. Except for the experiment described by Fig. 2, or indicated other- 
wise, the Warburg flasks contained 20 umoles of sarcosine and 50 umoles of 
inhibitor. Interval manometric readings were taken every 10 minutes 
after the addition of the side arm contents, and all experiments were carried 
out at 37°. The oxygen uptakes averaged 173 ul. per hour corrected for an 
endogenous uptake of 17 ul. The 20 umoles level of sarcosine was suffi- 
cient to saturate the enzyme system for a period of | hour or more. The 
center wells of the flasks contained 0.1 ml. of 20 per cent KOH. 

Formaldehyde and Serine Analyses—Formaldehyde and serine were an- 
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alyzed by a simplified photometric chromotropic acid procedure recently 
developed in this laboratory (13). 

Inhibition—The inhibition of sarcosine oxidation was calculated from 
the following expression: per cent inhibition = (1 minus the inhibited rate 
divided by the uninhibited rate) XK 100, where “rate” refers to the initial 
rate of oxygen uptake corrected for the endogenous respiration. For any 
one inhibitor there was no difference in the per cent inhibition observed for 
any 10 minute period during the Ist hour. Triplicate determinations 
agreed to within 5 per cent, and the per cent inhibition for a compound as 
measured in different experiments also fell within this range. The inhibi- 
tors listed in Table II did not cause an increase in oxygen consumption 
when incubated with the enzyme preparation alone, nor did they cause a 
significant decrease in the endogenous respiration. 


SUMMARY 


Methoxyacetate and acetate inhibit the oxidative demethylation of sar- 
cosine by liver mitochondria competitively and to a comparable degree. 
When the carboxylate group of either inhibitor is replaced by a less polar 
substituent, the order of inhibitory activity is COO- > CHO > CH.OH > 
CONH2:. Substitution in the terminal methyl group decreases the inhibi- 
tory ability in the order: CH; > CH2F > CH:Cl > CH2Br > CHI. Fur- 
thermore, in the methoxyacetate series, binding is proportional to the 
nucleophilic character of the 8 position: N > O > S > CH:. 

From the foregoing it is deduced that the carboxylate group is bound to 
the active surface by an ammonium, guanidinium, or other electrophilic 
substituent, and that the methyl group is bound by a hydrocarbon moiety. 
In addition to these primary sites there is a third site, electrophilic in nature, 
which binds N, O, or S. From the comparable activity of methoxyacetate 
and acetate it is deduced that the carboxylate and methyl-binding sites 
comprise contiguous corners of a square pattern in which the O, N, and § 
binding site is a third corner. In fitting such a surface, methoxyacetate 
and sarcosine assume their most compact or square configurations. 
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THE PURIFICATION OF A GLUCURONIDE OF NICOTINIC 
ACID FROM RAT URINE* 


By JAN van EYS,f OSCAR TOUSTER, anv WILLIAM J. DARBY 


(From the Department of Biochemistry, Vanderbilt University School of 
Medicine, Nashville, Tennessee) 


(Received for publication, March 17, 1955) 


Glucuronide formation is a well recognized means by which the animal 
organism disposes of a variety of substances. In addition to true glyco- 
sides, esters are produced in which the carboxyl group of the aglycone 
is linked to the glycosidic hydroxy] group of glucuronic acid (2-5). This 
report describes the purification from rat urine of a glucuronide of nico- 
tinic acid. 

The study of this new metabolite arose from an attempt to establish a 
total niacin balance by bioautographic techniques. Several unidentified 
metabolites of niacin exist in rat urine, one of which is the subject of this 
report. The detection of such metabolites is in agreement with other 
reports (6, 7) which note the existence of unidentified nicotinic acid deriva- 
tives in rat urine. 


Materials and Methods 


Glucuronic acid was estimated by the Dische test (8), the naphtho- 
resorcinol reaction (9), and the Lampen modification (10) of the orcinol 
reaction. Nicotinic acid was determined microbiologically (11) by use of 
Lactobacillus arabinosus, ATCC 8014. 

Ascending paper chromatograms were developed on Whatman No. 4 
paper. The following solvents were employed: 80 per cent (volume per 
volume) n-propanol, water-saturated isobutanol, n-butanol-n-propanol-wa- 
ter (2:1:1), and ethyl acetate-pyridine-water (5:2:5, upper layer). All 
chromatographic separations were carried out at room temperature (ap- 
proximately 30°). Relevant R,y values are given in Table I. 

A Beckman model DU spectrophotometer was used to measure absorp- 
tion spectra. 

The bacterial 6-glucuronidase was obtained from the Sigma Chemical 
Company. The activity of this preparation was tested with phenolphthal- 
ein glucuronide. 


* A preliminary account of this work has appeared (1). 

t This work is taken from part of a thesis submitted by Jan van Eys to the Gradu- 
ate School of Vanderbilt University in partial fulfilment of the requirements for the 
degree of Doctor of Philosophy. Present address, McCollum-Pratt Institute, The 
Johns Hopkins University, Baltimore, Maryland. 
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Results 


Isolation of Glucuronide—The compound was detected as a normal 
excretory product in rat urine. However, to obtain sufficient material 
for study of its structure, it was necessary to give a large dose of nicotinie 
acid to rats. To raise the excretory level of the metabolite, multiple 
dosing proved to be more effective than the administration of an equiva- 
lent amount of niacin in a single dose. In all, five isolations were per- 
formed. 

A typical isolation was as follows: Each of three female Sprague-Dawley 
rats was given 50 mg. of nicotinic acid by stomach tube every 12 hours 
for 2 days. Dog chow (Purina) and water were supplied ad libitum. In- 


Taste I 


Rp Values of Glucuronic Acid and Nicotinic Acid Derivatives in Several 
Paper Chromatographic Solvents 


| Isolated | | 


Solvent | “imide” | acid’ | 
| nide 
80% n-propanol* .. ...| 0.80 | 0.58 | 0.30 0.48 0.11 
kthyl acetate-pyridine-water | | | 
(5:2:5 upper layer)... 0.64.4 0.78 0.64 
Isobutanol. 058 043 0.06 0.16 (0.00 
n-Butanol-n-propanol-water | | | 
0.68 | 0.43 | 0.16 | 0.26 0.02 


* Glucuronamide has an /?p of 0.24 in this solvent. 
t Both the lactone and the free acid are detectable on the chromatograms when 
the lactone is applied. 


dividual urine samples were collected in glass bottles containing | ml. of 
glacial acetic acid. Urine was collected from the time of the first admin- 
istration of niacin until 24 hours after the last dose. Every 12 hours, the 
urines were pooled, frozen, and stored until the collection was completed. 

The pooled urine (192 ml.) was centrifuged for 15 minutes at 2000 r.p.m. 
in an International refrigerated centrifuge. Centrifugation and all subse- 
quent steps, up to the application onto the Dowex 50 column, were per- 
formed at 4°. When necessary, the urine was adjusted to pH 4.0 with 
glacial acetic acid. It was then treated with a saturated solution of lead 
acetate. After the precipitated lead salts were removed by centrifugation 
for 30 minutes at 2000 r.p.m., the clear supernatant solution was cautiously 
adjusted to pH 6.6 to 6.8 with concentrated NH,OH. Great care was 
necessary in this step, since nicotinoyl glucuronide is extremely labile at 
higher pH values. (It is desirable to use a slight excess of lead acetate 
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in the previous step, as the turbidity which appears at pH 6.4 to 6.6 then 
serves aS an indicator during the addition of ammonia.) A saturated 
solution of basic lead acetate was then added, and the precipitated lead 
salts were collected by centrifugation for 30 minutes at 2000 r.p.m. The 
lead salts were suspended in water and decomposed with H.S, and the 
lead sulfide was then removed by filtration. The filtrate was applied to a 
20 X 1 cm. column of Dowex 50 (200 to 400 mesh) in the H+ form. The 
column was washed with 100 ml. of distilled water and then developed 
with 375 ml. of 0.01 n HCl, followed by sufficient 0.10 n HCl to elute the 


100+<—0.01 N N HCl 


80-4 e—eGLUCURONIC ACID 
NICOTINIC ACID 


= 


20- 


MCG. GLUCURONIC ACID OR NICOTINIC ACID 


20 #30 40 60 
FRACTION NUMBER 
Fic. 1. Column chromatogram of the basic lead acetate precipitate from rat urine. 
Fraction size, 15 ml. 


metabolite. The eluate was collected in 15 ml. portions during the entire 
period of development. The nicotinoyl glucuronide usually appeared 
between Fractions 35 and 40. A typical chromatogram is shown in Fig. 1. 

The appropriate fractions were pooled and lyophilized over NaOH 
without prior neutralization. The residue from the lyophilization was 
dissolved in a small volume of methanol, and the solution was applied to 
sheets of Whatman No. 4 paper. The chromatograms were developed 
with 80 per cent n-propanol for 16 to 18 hours. The compound was de- 
tected by its quenching of ultraviolet light (Mineralight) or by spraying a 
strip with aniline hydrogen phthalate (12); with this spray the substance 
develops a typical pink-rose color. Elution (with water) from the un- 
sprayed portion of the paper and lyophilization of the eluate yielded 2.7 
mg. (by niacin assay) of amorphous nicotinoyl glucuronide. The material 
moved in four solvents as a single spot on paper chromatograms, as indi- 
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cated by niacin activity, quenching of ultraviolet light, aniline hydrogen 
phthalate spray (12), and hydroxylamine-ferric chloride spray (13). 

Evidence for Structure of Metabolite—The structure of the compound 
was based upon the following evidence. ‘The isolated material was shown 
to contain glucuronic acid by three color tests: the Dische sulfuric acid- 
carbazole test, the naphthoresorcinol reaction, and the orcinol reaction, 
In all cases the absorption spectrum of the color formed was identical with 
that of authentic glucuronic acid. Furthermore, the material had _nico- 
tinic acid activity for L. arabinosus. The two components occurred in a 
molar ratio of 1.1 to 1.0, the glucuronic acid being determined by the 
Dische test. The consistent small excess of glucuronic acid when meas- 
ured by this test is not unprecedented. Some bound glucuronides yield, 
on a molar basis, a higher color than does glucuronolactone (8). 

Further evidence concerning the structure was obtained by hydrolysis in 
basic media. When the material was subjected to the action of NaOH, 
nicotinic acid was a product. 250 y of nicotinoyl glucuronide in 0.4 ml. 
of methanol were treated with 0.2 ml. of 1 N NaOH, and the mixture was 
heated for 13 hours in a boiling water bath. After the solution had cooled, 
it was adjusted to pH 5.0 with | ~ HCl and then evaporated to dryness 
in a stream of air. The residue was extracted with 0.6 ml. of methanol 
and centrifuged. Aliquots of the supernatant solution were analyzed by 
paper chromatography. The nicotinic acid produced was detected by its 
quenching of ultraviolet light and by its microbiological activity. 

Nicotinamide and glucuronic acid resulted from hydrolysis of the metab- 
olite with ammonium hydroxide. 300 y of nicotinoyl glucuronide were 
dissolved in 0.5 ml. of methanol, 0.5 ml. of concentrated NH,OH was added, 
and the tube was stoppered and kept at 4° for 12 hours. The tube was 
then opened and kept in vacuo over concentrated sulfuric acid at room 
temperature for 2 hours. Aliquots of this solution, which had a final 
volume of 0.5 ml. and a pH of 7.0, were chromatographed on paper and 
yielded, in three solvents (80 per cent n-propanol, n-propanol-n-butanol- 
water, and isobutanol), spots for nicotinamide and glucuronic acid. The 
nicotinamide was identified by its Ry» on paper, its microbiological activity, 
and its absorption spectrum. 

Bacterial 8-glucuronidase split the nicotinoyl glucuronide into nicotinic 
acid and glucuronic acid. 300 y of nicotinoyl glucuronide, dissolved in 
0.1 ml. of water, were added to a solution composed of 0.1 ml. of 0.15 m 
acetate buffer (pH 6.0) and 0.1 ml. of a 1 per cent solution of glucuronidase. 
Suitable enzyme and substrate blanks were incubated simultaneously. 
Incubation was for 2 hours at 37°. The reaction was stopped by heating 
in a boiling water bath for 3 minutes, the tubes were centrifuged, and the 
supernatant solution was evaporated to dryness in a stream of nitrogen. 
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The residue was extracted with 1.0 ml. of methanol, with occasional shak- 
ing, for | hour at 37°. The extract was centrifuged, and the supernatant 
solution was concentrated to a suitable volume. Paper chromatographic 
analysis of aliquots showed the presence of nicotinic acid and glucuronic 
acid. 

The lability of the compound to base strongly suggests an ester linkage 
between nicotinic acid and glucuronic acid, and the fact that NH,OH 
hydrolysis yields nicotinamide rather than nicotinic acid affords further 
evidence that the carboxyl group of niacin is in ester linkage. The ester 
grouping is also indicated by the positive reaction obtained when the ma- 
terial is sprayed with the hydroxylamine-ferric chloride reagent (13) on 
paper chromatograms. From the action of bacterial 8-glucuronidase, it 
is inferred that the nicotinic acid is linked to carbon atom 1 of p-glucuronic 
acid and that the linkage is 6 in configuration. (The action of 8-glu- 
curonidase on ester glucuronides has recently been demonstrated (14).) 
The linkage of the glycosidic hydroxyl group is further supported by the 
fact that the compound does not respond on paper chromatograms to the 
naphthoresorcinol spray (15). However, the linkage is extremely labile, 
as is indicated by the pink-rose color resulting when the chromatogram 
is sprayed with aniline hydrogen phthalate (12). The color is unmistak- 
ably different from the usual brown given by glucuronic acid. The re- 
sponse of the substance to a test for sugars with free carbonyl groups is 
analogous to that of benzoyl glucuronide which not only acts as a reducing 
substance, but even undergoes rapid changes in rotation in the presence 
of minute traces of alkali (16), presumably as a result of migration of the 
benzoyl group (17). 

The nicotinoy! glucuronide in urine very likely does not exist in the lac- 
tone form, since enzymatic hydrolysis yields a spot for glucuronic acid. 
Furthermore, hydrolysis with NH,OH fails to give a spot for glucuron- 
amide. 

The evidence strongly suggests that the new metabolite is B-nicotinoyl 
p-glucuronide, with a structure analogous to that of urinary benzoyl glu- 
curonide, as established by the synthetic experiments of Goebel (17). 


DISCUSSION 


The response of nicotinoyl glucuronide to various tests in hydrolysis 
experiments leaves little doubt regarding its structure. However, several 
attempts were made to confirm its structure by synthesis. Attempts to 
condense a-1l-bromo-2 ,3 ,4-triacetylglucuronic acid methyl ester (18, 19) 
with silver nicotinate (17), and with nicotinic acid itself in the presence of 
silver oxide and quinoline (20, 21) or in hot pyridine, failed to yield any 
of the desired product. Unfortunately, there is no report of the chemical 
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synthesis of an unacetylated ester glucuronide. The availability of a gen- 
eral synthetic method would facilitate biochemical studies on compounds 
of this type. 

Nicotinoyl glucuronide appears to be a normal constituent of rat urine, 
since 70 y were isolated from 10 ml. without any administration of nico- 
tinic acid beyond that present in the food. This is in contrast to other 
species investigated, man, dog, monkey, and rabbit, which did not have 
detectable quantities in their normal urine. 

Even though administration of nicotinic acid enhances the excretion of 
the new metabolite, the increase is small compared to the excretion of 
N'-methylnicotinamide, N'-methylnicotinamide-6-pyridone, and __nicoti- 
nuric acid. Since the material exhibits full niacin activity for L. arabino- 
sus, it is measured in the fraction which is usually designated as “free nico- 
tinic acid.”” The usual method of performing the cyanogen bromide reac- 
tion for nicotinic acid also would be expected to liberate nicotinic acid from 
the metabolite. 


SUMMARY 


The purification from rat urine of a new metabolite of nicotinic acid is 
described. Structural studies involving alkaline and enzymatic hydrolysis, 
as well as other chemical and microbiological tests, indicate that the com- 
pound is 6-nicotinoyl-p-glucuronic acid. 
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Previous studies from this laboratory (1) have demonstrated the exist- 
ence of several different types of “xanthine oxidase” in nature. The en- 
zymes in milk and mammalian tissues appear to be quite similar, but can 
be differentiated by the inhibitor Antabuse, which affects only the tissue 
enzyme (2). Antabuse can also be used to separate the dehydrogenase 
and oxidase activities of tissue xanthine oxidase, inasmuch as it has no 
effect on the dehydrogenation reaction, but blocks the reoxidation of the 
enzyme by air. Both of these enzymes are fundamentally different from 
the xanthine dehydrogenase found in bird tissues, since the latter is not 
autoxidizable to any significant extent (3). 

A method was developed for the purification of xanthine dehydrogenase 
from chicken liver in order to study its properties and the nature of its 
prosthetic group. It was hoped that a comparison with milk xanthine 
oxidase would permit an identification of the “dehydrogenase prosthetic 
group” as separate and distinct from the “oxidase prosthetic group.” 
Ball (4) originally obtained evidence for the existence of two prosthetic 
groups in milk xanthine oxidase; one of these was identified as flavin 
adenine dinucleotide (FAD) and the other was unknown (5). More re- 
cent studies (6-8) have demonstrated the presence of molybdenum (8-11) 
and iron (12) in addition to riboflavin in highly purified preparations of 
the milk enzyme. 

The fractionation procedure to be described yielded approximately a 
400-fold purification of the chicken liver enzyme, and the enzyme so ob- 
tained was 97 to 98 per cent homogenous electrophoretically. By any 
criterion, the purified enzyme was more active than analogous prepara- 
tions of the milk enzyme. Like milk xanthine oxidase, the chicken liver 
xanthine dehydrogenase contained riboflavin and molybdenum, but in a 
ratio of 1:1 instead of 2:1. The best preparations of liver enzyme also 
contained iron, which seemed to be associated with the enzyme, in approxi- 
mately an 8:1 ratio with Mo. Riboflavin was hardly detectable in the 


* This study was aided by a grant from the American Cancer Society upon rec- 
ommendation of the Committee on Growth of the National Research Couneil. 
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liver dehydrogenase spectrum, which was almost entirely that of the un. 
known component of the milk xanthine oxidase spectrum. 


EXPERIMENTAL 


Determination of Enzyme Activity. Manometric Procedure—The enzyme 
activity was determined by a method similar to the one previously de. 
scribed for assaying crude liver homogenates (3), in which methylene blue 
was used as the hydrogen carrier between xanthine dehydrogenase and 
molecular oxygen. The rapid loss of activity with the purified enzyme 
during the determination was reduced and the initial activity increased 
by the addition of albumin (13). The enzyme solution was prepared for 
assay in 0.04 m phosphate buffer, pH 7.4. 1.5 ml. of the enzyme, 0.15 
ml. of 0.0113 m methylene blue, and 0.2 ml. of albumin' were added to 
the body of the Warburg flask; the side arm contained 0.15 ml. of 0.065 
mM hypoxanthine. Readings were made at 10 minute intervals at 38°, 
and the enzyme was diluted so that between 10 and 25 ¢.mm. of oxygen 
were taken up during the initial 10 minutes. The Qo, (MB) was the 
c.mm. of O2 consumed in the presence of methylene blue per hour per mg 
of dry material. 

Enzyme preparations lost 20 to 30 per cent of their activity when dia- 
lyzed against distilled water at 0-2° for 12 hours, but only a slight loss of 
activity occurred during dialysis against phosphate buffers of pH 6.0 to 
7.4. Dry weights were determined by dialysis and drying, or for rapid 
approximate screening protein concentrations were obtained by the quap- 
titative biuret procedure (14) and converted to dry weights empirically. 

Dye Reduction Method—Although the manometric method was satis 
factory for following the purification of the enzyme, an alternative and 
more convenient dye reduction procedure? was developed. Approxi- 
mately 35 mg. of sodium 2,6-dichlorobenzenoneindo-3’-chlorophene 


(Eastman) were shaken with 80 ml. of water for 30 to 45 minutes, and © 


the mixture was then filtered; the filtrate was diluted to 100 ml. to gives 
stock solution which could be kept for 30 days at 0-4°. An aliquot of 
the stock solution was diluted approximately 1:10 each day for use. 

The reaction was carried out by adding the following solutions (main- 
tained at 30°) to a Klett colorimeter tube: 2.7 ml. of 4/15 phosphate 
buffer, pH 6.3, minus the volume of enzyme to be added, 2.0 ml. of diluted 
dye, and 1.0 ml. of 0.05 m hypoxanthine in 0.05 w« NaOH. The pH of the 
final reaction mixture was 6.8 and was so established in order to retard 
autoxidation of the reduced dye. The enzyme solution, usually 0.01 te 


' Armour’s crystalline bovine plasma albumin, 25 mg. per mi. 
* Based upon the procedure of .. Stotz for suecinie dehydrogenase (personal com 
munication). 
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0.2 mi., was added from a cold bath, and the tube was quickly shaken and 
inserted into the Klett colorimeter (660 may filter). The concentration of 
the dye solution was such that the colorimeter initially read 110 to 120. 
Arbitrarily the time required for the colorimeter reading to fall from 100 
to 60 was measured with a stop-watch. The assay was most dependable 
when the amount of enzyme was adjusted so that this extent of dye re- 
duction required between 80 and 150 seconds. 

Purification Procedure—400 to 1000 gm. of commercial chicken liver 
were conveniently fractionated at one time, and all solutions were main- 
tained at O-2° unless otherwise stated. The ground liver was. thoroughly 
homogenized in a Waring blendor with 0.5 volume of iced 0.04 m phosphate 
buffer, pH 7.4. 2 volumes of the buffer were heated to 75° and added 
rapidly to the homogenized liver with vigorous stirring. Stirring was 
continued while the temperature of the diluted homogenate was brought 
to 56° (15 to 20 minutes) and maintained at 56° for 30 minutes. The 
viscous preparation was then quickly cooled to 0-2° and centrifuged; the 
precipitate was discarded. Approximately 250 ml. of supernatant fluid 
and 230,000 manometric units (c.mm. of O2 per hour) of activity were 
obtained for each 100 gm. of fresh liver used. The yield was twice as 
large as could be obtained by extraction in the cold. The Qo, (MB) at 
this point was 50 to 80, as compared with 10 for the original liver. 

The supernatant solution was made 0.6 saturated with (NH,4)2SO, by 
adding 1.5 volumes of saturated (NH,).SO, solution (saturated at room 
temperature and neutralized with concentrated ammonium hydroxide to 
pH 7.2 to 7.6). 4 gm. of precipitate (Fraction I) were obtained from each 
100 ml. of supernatant fluid by centrifugation. Fraction I was dissolved 
in 5 volumes of water and made 0.35 saturated with (NH 4)oSO,. After 
disearding the precipitate, the supernatant solution was brought to 0.55 
saturation with ammonium sulfate. The precipitate formed between 
0.35 and 0.55 saturation (Fraction IL) was about 0.48 gm. from each gm. 
of Fraction I used, and its Qo, (MB) averaged 140; it contained 60 to 70 
per cent of the activity present in the original supernatant solution. 

Fraction IL was dissolved in 6.5 volumes of 0.04 m phosphate buffer, 
pH 7.4, and any imesoluble material was removed by centrifugation. An 
equal volume of a solution containing 8 mg. per ml. of Difco Pangestin, 
1:75, dispersed in 0.2 w Na TIPO, was added, and the mixture was then 
incubated at 38° for 4 hours. The digestion mixture was cooled to 20° 
and clarified by adding an optimal amount of CaCl, (about 0.032 ml. of 
0.5 ™ CaCl, per ml. of incubation solution). As previously reported for 
the milk enzyme (4), considerable amounts of enzyme may be adsorbed 
on the calcium phosphate precipitate if an excess of CaCl, is used. After 


15 to 30 minutes, the inactive flocculent precipitate was removed by cen- 
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trifugation at 0°. The enzyme was precipitated from the reddish brown 
supernatant solution by making it 0.55 saturated with ammonium sulfate. 
The centrifuged precipitate was redissolved in 0.04 m phosphate buffer, 
pH 7.4, and any insoluble material was removed. The Qo, (MB) of this 
fraction (Fraction III) varied between 1500 and 2500. 

A second digestion step similar to that described above was carried out 
as follows: Fraction III, dissolved in 9 volumes of phosphate buffer, was 
incubated for 2 hours with an equal volume of a 0.2 Mm NasHPO, solution 
containing 4 mg. of Pangestin per ml. This digestion mixture was treated 
as before; the precipitate thus obtained (Fraction IV) was a deep reddish 
brown in concentrated solution and a golden brown when diluted. Rou- 
tine preparations of Fraction IV had a Qo, (MB) of about 3000. The 
over-all yield was at least 40 per cent and usually up to 60 per cent of the 
activity in the initial supernatant solution. The preparation at this 
point showed two major peaks in the analytical ultracentrifuge; the more 
rapidly sedimenting ferritin-like component accounted for up to one-third 
of the total protein. 

The Qo, (MB) and the yield of the enzyme depended primarily on the 
activity of the original livers (firm red livers were much more active than 
pale yellow livers) and the speed with which the isolation procedure was 
conducted. A buffered solution (pH 7.4) of the enzyme sometimes lost 
as much as 10 to 15 per cent of its activity in 24 hours at 0°. Storage of 
the enzyme urider 55 per cent ammonium sulfate at 0° resulted in a loss 
of as much as 50 per cent of its activity in 3 weeks. Freeze-drying of the 
enzyme at any stage in its preparation caused up to 95 per cent loss of 
activity. 

The ferritin-like impurity was removed by differential centrifugation. 
Approximately 1 million manometric units of the enzyme (Fraction IV), 
dissolved in 32 ml. of the phosphate buffer, were divided into eight ultra- 
centrifuge tubes; the tubes were then filled by overlaying with 8 ml. of 
phosphate buffer. Centrifugation for 9 hours at 40,000 r.p.m. with a 
No. 40 rotor in the Spinco preparative ultracentrifuge (average g = 105,400) 
deposited reddish brown pellets which contained nearly all of the enzyme 
and the ferritin. This preliminary centrifugation removed some non- 
sedimenting riboflavin-containing material which was unrelated to the 
enzyme activity. 

The pellets were dissolved in 48 ml. of 25 per cent sucrose and centri- 
fuged again for 10 hours at 40,000 r.p.m. to remove most of the ferritin- 
like impurity. The precipitate contained 94 per cent of the original 12 
mg. of iron (as determined by the method of Kitzes et al. (15)) and 16 per 
cent of the enzyme activity. In one such experiment the dry weight of 
the precipitate was also determined, and the iron concentration was found 
to be 10.7 per cent. 
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The enzyme was precipitated from the sucrose supernatant fluid by the 
addition of ammonium sulfate to 0.6 saturation and was redissolved in 
0.04 m phosphate buffer, pH 7.4 (final volume 72 ml.). Centrifuging this 
solution for 4 hours at 40,000 r.p.m. and recentrifuging the supernatant 
solution for 5} hours deposited two fractions of contaminated enzyme. 
The Qo, (MB) was about 3300; the Mo concentration was 0.016 to 0.020 
per cent, and the riboflavin-Mo molar ratio was 1. The iron-Mo ratio 
for the first fraction was approximately 100 and for the second fraction 
14. 

The enzyme remaining in the supernatant solution was concentrated by 
precipitation with 0.6 saturated ammonium sulfate and was redissolved in 
the phosphate buffer (final volume 10 ml.). 5 ml. were placed in each of 
two centrifuge tubes, overlaid with 7 ml. of phosphate, and centrifuged for 
44 hours at 40,000 r.p.m. The deposited enzyme pellet had a Qo, (MB) 
of 3900 to 4000, riboflavin and Mo concentrations of 0.078 and 0.02 per 
cent, respectively (for a riboflavin-Mo molar ratio of 1:1), and an Fe-Mo 
atomic ratio of 8 or slightly higher. On the basis of these concentrations, 
the minimal molecular weight would be 480,000. This was the highest 
degree of purity achieved (Fraction V), and the enzyme so obtained was 
sufficiently free of impurity iron so that a valid spectrum could be ob- 
tained. There was no assurance that the iron present in the final prep- 
aration was actually a part of the enzyme. However, the supernatant 
fluid from this pellet still contained about 30 per cent of the enzyme ac- 
tivity, and the Fe-Mo ratio in this fraction was identical with that ob- 
tained for the precipitate; at this stage of purity the remaining iron sedi- 
mented with the enzyme. 

When subjected to an electrical field in a Perkin-Elmer electrophoresis 
apparatus at pH 7.2 (phosphate buffer, ionic strength 0.2), the enzyme mi- 
grated as an anion with a mobility of 2.0 K 10~-° sq. cm. per volt per sec- 
ond. At the end of 3 hours, 98 per cent of the material was still present 
as a single peak. A slower moving component (1 to 2 per cent) was ap- 
parent at the trailing edge of this peak; the other impurity (about 1 to 2 
per cent) had a mobility greater than that of the major component. 

Autoxidizalility and Reaction with Cytochrome c—The aerobic activity 
of the enzyme was only 1 per cent of what it was in the presence of meth- 
ylene blue, whether the enzyme was prepared as described or partially 
purified without use of heat or Pangestin. Stotz? found that in an aerobic 
system composed of cytochrome oxidase, cytochrome c, xanthine dehy- 
drogenase, and hypoxanthine there was a brisk sustained rate of oxygen 
consumption which did not decrease with time. Cytochrome b was in- 
active in this system. 

Ferritin-Like Impurity—Identification of the iron impurity as ferritin- 
like was based upon the following properties common to both: (1) typical 
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absorption spectrum, (2) stability to heating at 56°, (3) stability to pro- 
teolytic enzymes, (4) similar ammonium sulfate solubilities, (5) non-re- 
duction by dithionite, and (6) high iron concentration. The ferritin-like 
impurity precipitated from solution with CdSO,, but this could not be 
used to remove the ferritin-like impurity from the enzyme since much of 
the enzymatic activity was lost in the process. 

Attempts to separate xanthine dehydrogenase from the ferritin-like 
impurity by means of the electrophoresis-convection apparatus of Cann 
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Fic. 1. The absorption spectrum of chicken liver xanthine dehydrogenase in the 
presence and absence of hypoxanthine; the difference curve represents the change in 


spectrum as the enzyme is reduced by hypoxanthine. The spectrum of the enzyme 
in 0.066 N HCl is also shown. 


and Kirkwood (16) were only partially successful and were impractical 
from a preparative standpoint. From the rates of transport of the en- 
zyme and iron-containing material from the top to the bottom compart- 
ment it was estimated that their isoelectric points fell in the ranges pH 
4.5 to 4.9 and 4.9 to 5.2 respectively. 

Absorption Spectra—F¥ig. 1 presents the absorption spectrum of the 
enzyme (Fraction V) before and after its reaction with hypoxanthine, as 
determined with a Beckman DU spectrophotometer. There was a slight 
indication in the 450 my region of the presence of riboflavin, but the out- 
standing feature of the spectrum was its similarity to the curve attributed 
to the unidentified component of milk xanthine oxidase. The curve was 
also somewhat similar to the spectrum of ferritin (17), but the amount of 
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iron present (as ferritin or inorganic iron) in the final enzyme preparation 
was too small to make any significant contribution to the spectrum. The 
superimposed shoulder at 400 to 410 my could not be seen until the ferritin 
had been removed, but was observed consistently thereafter. Since it was 
reduced by the addition of substrate, it appeared to be a part of the en- 
zyme. The addition of substrate also decreased slightly the sweeping 
visible end-absorption. The “difference curve” was not characteristic of 
flavin, but may have been compounded of flavin plus another group show- 
ing a maximal change on reduction at 400 to 410 my. The spectrum of 
xanthine dehydrogenase was similar to that of aldehyde oxidase (18) and 
of alcohol-precipitated milk xanthine oxidase (11). 

Riboflavin—Since the presence of riboflavin in the enzyme could not be 
established spectroscopically with either the original enzyme or the differ- 
ence curve, the riboflavin was determined microbiologically with Lacto- 
bacillus caset (19). After the initial purification steps, which increased 
the Qo, (MB) to approximately 1000, the flavin concentration paralleled 
the xanthine dehydrogenase activity. Final preparations of the sedi- 
mented enzyme consistently contained riboflavin in a 1:1 ratio with Mo. 

When the milk enzyme is coagulated in a boiling water bath for 15 
minutes, the riboflavin (as FAD) is split off and can be recovered quan- 
titatively in the supernatant solution (4, 20). Heat coagulation of the 
chicken liver xanthine dehydrogenase or extraction of the enzyme with 
50 per cent ethanol at room temperature, or with 4 per cent trichloroacetic 
acid, split off approximately 90, 80, and 65 per cent of the flavin, respec- 
tively, as determined microbiologically. Each of the extracts exhibited 
shoulders in the absorption spectra at 450 my, but otherwise showed a 
sweeping end-absorption similar to that of the enzyme itself. 

Unidentified Group—Fig. 2 shows the absorption spectrum of the en- 
zyme after subtracting the theoretical absorption due to riboflavin and 
iron. The residual absorption was characterized by a peak at 400 mu 
and a generally increasing absorption with decreasing wave-length. A 
comparable analysis of the spectrum of milk xanthine oxidase did not 
yield an identical residual curve, but the flavin-free alcohol-precipitated 
fraction obtained from the milk enzyme by Mackler et al. (11) had a sim- 
ilar absorption curve. This residual absorption would seem to be related 
to the presence of an unidentified group in the enzyme. 

Treatment of the enzyme with dilute acid (Fig. 1) diminished the ab- 
sorption and gave a curve somewhat similar to that of the reduced en- 
zyme. The effect of acid on the chicken liver enzyme was much less 
pronounced than on the milk xanthine oxidase (12). The change in 
spectrum of the milk enzyme with acid treatment was similar to that 
attributed by Morell (21) to a splitting of FAD from the enzyme. If 
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acid also splits FAD from the chicken liver enzyme, then the large amount 
of absorption remaining is a clear indication of the presence of another 
chromogenic group in the molecule. Dialysis of the enzyme against three 
changes of equal volumes of 0.1 N HCl for a total of 72 hours removed 
two-thirds of the iron into the dialysate but left two-thirds of the color 
in the non-dialyzable fraction; the spectrum of the latter was similar to 
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Fig. 2. The absorption spectrum of chicken liver xanthine dehydrogenase contain- 
ing 2.71 y of Fe and 2.287 of riboflavin per ml. The theoretical contribution to the 


spectrum by the iron and riboflavin (as pure substances) was subtracted to obtain 
the additional curves. 


Fic. 3. The absorption spectrum of chicken liver xanthine dehydrogenase before 
and after dialysis against 0.5 N ammonium hydroxide. The spectrum of the dialy- 
sate is also shown. All curves were calculated to comparable concentrations. 


that of the original enzyme. This partial dissociation of iron from the 


unidentified chromogenic group argues against the possibility that a 
unique combination of iron with protein is responsible for the unidentified 
spectrum. 

Similar dialysis of the enzyme against 0.5 N NH,OH gave the spectral 
changes illustrated in Fig. 3. The shoulder at 400 to 410 my in the orig- 
inal enzyme spectrum disappeared as a result of this treatment, and both 
the dialysate and non-dialyzable fractions were characterized by sweeping 
end-absorptions. 90 per cent of the iron remained with the protein frac- 
tion. The intensity of absorption of the dialyzed pigment was exag- 
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gerated below 390 mu, since the sum of the densities of the two fractions 
exceeded the density of the original enzyme solution. The presence of 
this pigment in the dialysate is further evidence for the existence of an 
unidentified chromogen in this enzyme. 

Substrate Specificity—Milk xanthine oxidase is capable (22-24) of oxidiz- 
ing a number of oxypurines and a variety of aldehydes, as well as reduced 
diphosphopyridine nucleotide (DPN) (25) and xanthopterin slowly (26). 
The chicken liver xanthine dehydrogenase (Fraction IV) oxidized xanthine 
and hypoxanthine at the same rate. The activity of the enzyme toward 
0.05 m aldehydes is reported in Table I. The manometric procedure was 
the same as that previously described, except that the buffer had a pH of 


TABLE I 


Relative Rates of Oxidation of Various Substrates by Purified Chicken Liver 
Xanthine Dehydrogenase in Comparison with Activity toward 


Hypoxanthine 
Xanthine dehydrogenase 
Substrate 
Manometric Dye reduction 
p-Hydroxybenzaldehyde........... 33 40 130 
Butyraldehyde.................... 54 0.6 


* Values reported by Booth (24). 


8.2; the dye reduction method was used for the study of volatile aldehydes. 
Reduced DPN was oxidized by the enzyme with cytochrome c as electron 
acceptor. Xanthopterin was oxidized too slowly to be detected by the 
manometric procedure. 

Substrates which were inactive in the manometric test (and in the dye 
reduction procedure as well when tested) included adenosine-3- and 5-phos- 
phate, adenosine triphosphate, adenosine, adenine, guanine, guanosine, 
guanylic acid, inosine, inosinic acid, xanthosine, oxidized DPN, uric acid, 
alloxan, uracil, uridine, uridylic acid, thymine, cytosine, cytidine, cytidylic 
acid, caffeine, theophylline, theobromine, paraldehyde, chloral hydrate, 
and glucose. 

Kinetics—Reaction rates were studied with hypoxanthine substrate and 
the purified enzyme (Fraction IV) by the manometric procedure described. 
Readings were taken at 5 minute intervals, and the activities expressed as 
c.mm. of O2 consumed per 10 minutes per flask. 
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Fig. 4 illustrates the effect of pH on the activity of a constant amount 
of enzyme; there was a fairly broad pH optimum around 8.2. The addi- 
tion of the alkaline substrate and carrying out the oxidative reaction 
changed the initial pH by less than 0.1 unit, except that initial pH below 
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Fig. 4. The pH-activity curve for xanthine dehydrogenase in 0.15 m phosphate 
and 0.1 m acetate or borate buffer. 
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Fig. 5. (a), the effect of substrate concentration on the initial rate of activity of 
xanthine dehydrogenase; (6), the relationship between the amount of enzyme and 
its activity. 
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6 was increased somewhat more. The remainder of the kinetic studies 
were carried out in 0.15 m phosphate buffer, pH 8.2. 

With a constant amount of enzyme and by varying the amount of 
substrate from 0.01 to 0.5 ml. of 0.05 m hypoxanthine, the curve in Fig. 5, 
a was obtained. The initial rate of oxygen uptake was greater with 0.05 
ml. than with the usual 0.15 ml. of substrate, but the rate was not sus- 
tained as well and the substrate was exhausted too rapidly for routine 
studies. 

The linear relationship between the amount of enzyme and the measured 
activity is shown in Fig. 5, b. 

Variations from 0.05 to 0.5 ml. of 0.0113 m methylene blue added to the 
Warburg flask had no effect on the enzyme activity when the amounts of 
substrate and enzyme were kept constant. Similarly, altering the ratio of 
the enzyme to methylene blue or substrate to methylene blue had no effect 
when the activity of the enzyme was compared with the results obtained 
under the ‘‘standard” conditions. Apparently the enzyme was saturated 
by small amounts of methylene blue, and no evidence of inhibition or 
competition was detected within the range of concentrations studied. 


DISCUSSION 


Chicken liver xanthine dehydrogenase is quite similar to milk xanthine 
oxidase. Both appear to contain iron in an 8:1 ratio with Mo. If the 
spectral end-absorption is indicative of an additional unidentified compo- 
nent in the enzyme, then this component is also present in both enzymes 
in &@ constant ratio with the Fe and Mo. If the optical density at 320 
my is arbitrarily taken as a quantitative measure of this constituent, it is 
present in a ratio of 0.220 to 0.240 optical density units per microgram of 
Fe. If this comparison is made with acid-treated enzymes, then the 
chicken liver dehydrogenase would have approximately twice the ratio 
observed for the milk xanthine oxidase. The only observed analytical 
difference is the presence of 2 molecules of riboflavin in the milk enzyme 
and 1 riboflavin per atom of Mo in the liver dehydrogenase. A concen- 
tration of 0.03 per cent Mo in milk xanthine oxidase (8, 27) and 0.02 per 
cent Mo in the liver dehydrogenase is a reflection of the larger molecular 
weight of the latter. On any comparative basis, the chicken liver dehy- 
drogenase is more active than the milk enzyme, and the former is at least 
5 times as active as the latter in the aerobic methylene blue assay pro- 
cedure on the basis of riboflavin content. 

A comparison of the analytical values does not establish any reason for 
the oxidase nature of the milk enzyme in contrast to the dehydrogenase 
nature of the liver enzyme. Even if it is assumed that the unknown 
prosthetic group is the dehydrogenating group and the flavin is related to 
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the aerobic reoxidation of the enzyme, the difference in flavin concentra- 
tion is only 2-fold, while the difference in autoxidizability is approxi- 
mately 60-fold. The spectra of the two enzymes suggest that the dif- 
ference in autoxidizability of the two enzymes might be related to the 
differences in the nature or attachment of the flavin to the enzyme. 
In the milk oxidase the flavin spectrum is not only obvious but is exag- 
gerated, while in the chicken liver dehydrogenase a flavin component. of 
the spectrum is hardly detectable. Morell (21) emphasized the importance 
of the attachment between the flavin and the enzyme in relation to the 
activity of the latter, but how this influence is exerted is still unknown. 


SUMMARY 


A 400-fold purification of chicken liver xanthine dehydrogenase was 
achieved by a procedure involving heating at 56°, incubation with Pan- 
gestin, fractionation with ammonium sulfate, and high speed centrifuga- 
tion. The last step removed a ferritin-like impurity. The aerobic “oxi- 
dase” activity of this enzyme was only 1 per cent of its dehydrogenating 
ability when the latter was measured aerobically in the presence of a 
hydrogen carrier such as methylene blue. Xanthine dehydrogenase was 
able to reduce cytochrome c and thereby transfer electrons through cyto- 
chrome oxidase to oxygen. 

Microbiological assays for riboflavin showed that the purification pro- 
cedure yielded a parallel increase in the concentration of riboflavin and 
enzyme activity. The enzyme contained Fe, Mo, and riboflavin in a ratio 
of 8:1:1. The absorption spectrum of the enzyme was similar to the 
curve attributed to the unidentified component of milk xanthine oxidase 
and was characterized by a sweeping increase in absorption with decreas- 
ing wave-length. The enzyme spectrum had a shoulder around 400 mg, 
but no obvious absorption attributable to riboflavin. The reason for the 
oxidase nature of the milk enzyme in contrast to the predominantly de- 
hydrogenase activity of the chicken liver enzyme was not established, but 
may be related to differences in the nature or the mode of attachment of 
riboflavin to the enzyme. 

The enzyme was capable of dehydrogenating xanthine, hypoxanthine, 
reduced DPN, and aldehydes, but had no effect on other naturally occur- 
ring purines, pyrimidines, nucleosides, or nucleotides. It had a broad 
optimal pH around 8.2, and the activity was not affected by wide varia- 
tions in the concentration of methylene blue. 
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COMPARATIVE STUDIES OF VARIOUS INHIBITORS ON 
XANTHINE OXIDASE AND RELATED ENZYMES* 


By RICHARD J. DOISY, DAN A. RICHERT, ano W. W. WESTERFELD 


(From the Department of Biochemistry, State University of New York, Medical 
College at Syracuse, New York) 


(Received for publication, April 4, 1955) 


Many substances have been examined (1, 2) as possible inhibitors of 
xanthine oxidase. Included among the more effective inhibitors are 2- 
amino-4-hydroxy-6-pteridinecarboxaldehyde (hereafter referred to as 6- 
pteridylaldehyde) (1, 3-7) and other pteridine derivatives (5, 6); chalcones 
such as 3,3’ ,4,4’-tetrahydroxychalcone (8, 7); cyanide (9-14); the quini- 
mine or oxidized form of p-aminophenol (2, 14-16); tetraethylthiuram di- 
sulfide or Antabuse (17, 18); arsenite (16, 19); ascorbic acid (20); pyrogallol 
(2); and bromoacetophenone (21). Most of these studies have been made 
on the well known milk enzyme, while a few have been based on rat liver 
homogenates (4, 6-8, 15-17) and occasionally on other mammalian tissues 
(7, 14, 18, 19). The inhibitions have been measured by an aerobic mano- 
metric procedure (2, 6, 8-10, 12, 15, 16, 20) in the presence of methylene 
blue (7, 17, 18), by methylene blue reduction (1, 9-11, 13, 19-21), and by 
fluorometric (3, 4) or spectrophotometric changes (3-5, 20) due to an al- 
teration in the spectrum of the substrate. The manometric and substrate 
spectral procedures usually measure the over-all process of reduction and 
autoxidation of the enzyme, while the methylene blue methods are con- 
cerned with a study of the reduction step only. The reduction and autoxi- 
dation of the enzyme represent two separable activities, since the latter can 
be inhibited by Antabuse without affecting the former (17). 

The present report is a systematic study of five selected inhibitors of 
xanthine oxidase. By using a manometric procedure in the presence and 
absence of methylene blue, a distinction could be made between those in- 
hibitors which affected the oxidase activity of the enzyme only and those 
inhibitors which blocked the dehydrogenating ability of the enzyme. Both 
a purine and an aldehyde substrate were used. The inhibitors were stud- 
ied with respect to milk and rat liver xanthine oxidases, chicken liver xan- 
thine dehydrogenase, and a flavoprotein enzyme having a typical riboflavin 
absorption curve, D-amino acid oxidase. In addition, a known (22, 23) 
inhibitor of the latter, Atabrine, was tested for its effect on the xanthine 
enzymes. The reduction of cytochrome c by the milk and chicken liver 
xanthine oxidases was also studied with selected inhibitors. 


* This study was aided by a grant from the American Cancer Seciety upon rec- 
ommendation of the Committee on Growth of the National Research Council. 
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EXPERIMENTAL 


Milk xanthine oxidase and chicken liver xanthine dehydrogenase were 
prepared by the methods of Ball (12) and Remy et al. (24) respectively. 
p-Amino acid oxidase was prepared from a pig kidney cortex acetone pow- 
der by extraction with water (25). Rat liver xanthine oxidase was pre- 
pared from a high speed supernatant solution of a 0.04 mM, pH 7.4, phosphate 
buffer homogenate by precipitating between 30 and 60 per cent saturation 
with ammonium sulfate. 

All enzyme activities were measured manometrically in air at 37°. The 
Warburg flask contained an appropriate amount of enzyme in 0.04 m phos- 
phate buffer, pH 7.4. Twelve flasks were used for the milk and rat liver 
xanthine oxidase studies; six contained 0.15 ml. of 0.0113 m methylene 
blue, and six were run without methylene blue. Three flasks in each series 
were run with and without 0.15 ml. of the inhibitor solution; one flask con- 
tained no substrate (blank), while the other two had 0.15 ml. of 0.05 m 
hypoxanthine and 0.15 ml. of 0.05 m p-hydroxybenzaldehyde, respectively, 
in the side arm. The total volume of the reaction mixture was made to 
2 ml. with the phosphate buffer; the center well contained 0.2 ml. of 10 
per cent KOH and a filter paper. Thesubstrate was tipped in after a 10 min- 
ute equilibration period, and readings were taken every 10 minutes. For 
the studies with chicken liver xanthine dehydrogenase the series without 
methylene blue was omitted, since this enzyme had no significant oxygen 
uptake in its absence; 0.2 ml. (5 mg.) of crystalline bovine serum albumin 
was also added to the Warburg flask to stabilize the enzyme. For the 
p-amino acid oxidase studies only eight flasks were required, four with and 
without methylene blue, two in each series with and two without inhibitor, 
and one of each two flasks containing 0.15 ml. of 0.1 m pt-alanine in the 
side arm. 

The reduction of cytochrome c by milk xanthine oxidase and chicken 
liver xanthine dehydrogenase was measured in a system composed of 2.5 X 
10-* mole of hypoxanthine, 1 X 10-7 mole of cytochrome c, and the enzyme 
in enough 0.04 m phosphate buffer, pH 7.4, to give a total volume of 3 ml. 
Catalase was also added when testing the milk enzyme in order to destroy 
any peroxide formed, but was omitted from the dehydrogenase assays, 
since the latter had no significant direct reaction with oxygen. The reac- 
tion was carried out at room temperature in a Beckman spectrophotometer, 
and the optical density at 550 mu was measured at 1 minute intervals. The 
average change in optical density for the initial four readings was propor- 
tional to the amount of enzyme added. 

The inhibitor solutions were prepared as follows: 6-Pteridylaldehyde and 
3,3’ ,4,4’-tetrahydroxylchalcone were dissolved with the aid of a few drops 
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of 0.01 N NaOH and diluted to 0.03 and 0.02 mg. per 0.15 ml. respectively. 
A solution of p-aminophenol containing 0.044 mg. per 0.15 ml. was pre- 
pared in a hot water bath, shaken vigorously, and allowed to stand at room 
temperature for 30 minutes to produce the quinimine form (15). The 
Atabrine was dissolved in water, neutralized to pH 7.4 with NaOH, and 
diluted to a concentration of 3.75 mg. per 0.15 ml. Each of the above in- 
hibitors was added to the body of the Warburg flask along with the enzyme 
just prior to the measurement of enzyme activity. 

The KCN and ascorbic acid were incubated with the enzyme prior to 
adding the enzyme solution to the Warburg flask. 0.04 m KCN freshly 
neutralized with HCl to pH 7.4 was mixed with the buffered enzyme solu- 
tion in a ratio of 1:16 to give a concentration of cyanide of 0.0025 mM. The 
mixture was incubated at 37° for 45 minutes; an aliquot of this solution was 
tested for enzyme activity and compared with another solution of the en- 
zyme treated identically except that no cyanide was added. Ascorbic 
acid was dissolved in phosphate buffer, pH 7.4, enough NaOH was added 
to restore the pH to 7.4, and the solution was diluted to a concentration 
of 2 mg. per ml. The buffered enzyme and ascorbic acid solutions were 
mixed in a 10:1 ratio to give an ascorbic acid concentration of 0.2 mg. per 
ml., and the mixture was incubated at 37° for 45 minutes before testing 


the enzyme activity. 
Results 


The effect of the various inhibitors on these enzymes is shown in Table I. 

Pteridylaldehyde was a potent inhibitor of both the milk and rat liver 
xanthine oxidases as well as of the chicken liver xanthine dehydrogenase. 
The rat liver enzyme tended to ‘‘escape”’ from this inhibition with time in 
the presence of methylene blue, possibly because the inhibitor itself was oxi- 
dized. Since pteridylaldehyde was an effective inhibitor of the dehydro- 
genase and since the inhibition of the xanthine oxidases was not reversed by 
methylene blue, this inhibitor undoubtedly blocked the dehydrogenase por- 
tion of all these enzymes. The oxidation of both p-hydroxybenzaldehyde 
and hypoxanthine was inhibited completely. 

Incubation of the milk xanthine oxidase with cyanide also inactivated 
the dehydrogenase portion of the enzyme, since the treated enzyme was 
still inactive in the presence of methylene blue. The chicken dehydrogenase 
enzyme was similarly inactivated by cyanide, while the less pure rat liver 
oxidase was affected in the same direction but to a lesser degree. In the 
latter case the ratio of dehydrogenase to oxidase activity (with and with- 
out methylene blue) was the same, 1.6, that was found for the untreated 


enzyme. 
As reported for the milk enzyme (10), the addition of hypoxanthine sub- 
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strate to the chicken liver enzyme prior to treatment with cyanide pre- 
vented the inhibition and allowed normal reduction of cytochrome c. The 
cyanide-inactivated dehydrogenase, dialyzed 48 hours, could not be reae- 
tivated by the addition of Fe** or molybdenum trioxide as tested by cyto- 
chrome reduction. Dialysis of the chicken liver enzyme against 0.015 
ammonia and then tris(hydroxymethyl)aminomethane buffer caused no 


TABLE I 
Effect of Various Inhibitors on Milk and Rat Liver Xanthine Oridases and 
Chicken Liver Xanthine Dehydrogenase 
Ienzyme activities have been recorded as ¢c.mm. of oxygen consumed per 10 min. 
utes per Warburg flask. 


| Xanthine 


Milk xanthine oxidase*| at liver xanthine dehydro 
tration | “thine” | Gehyde | thine | | 2 
| 
= 
| +1+]4 
mg. per | 
ml, 
No inhibitor............ cs 24 | 39 | 27 | 68 | 26 | 42 | 29 | 51 | 24 
0.0155 2}; 1] 2] 1; 6] O 
0.16f, 0 0 0 | 13 | 21 | 11 | 22 4/1 
3,3’,4,4’-Tetrahydroxychal- 

0.010; 21 | 37 | 11 | 65 | 2 | 35 | O} 48 | 23) 6 
1.88 | 15 | 35 | 6 57 | 16 | 31 | 19 | 34 | 20) 6 
p-Aminophenol (oxidized). ...| 0.022; 24 | 37 | 23 | 60 | 25 | 37 | 21 | 36 21) 6 
Ascorbic acid................ 0.20f¢; 19 | 29 | 27 | 46 | 26 | 41 | 30 | 44 | 23) «7 


* —, without methylene blue; +, with methylene blue. 

t Increasing activity with time, a tendency to escape from the inhibition. 

t Concentration of inhibitor in the enzyme solution which was incubated prior to 
the testing of its activity in the Warburg apparatus. 


loss of cytochrome reductase activity. The oxidation of reduced diphos- 
phopyridine nucleotide (DPN) by either the milk, rat liver, or chicken liver 
enzyme was relatively unaffected by cyanide, pteridylaldehyde, chalcone, or 
Antabuse as measured by the change in optical density at 340 my or by dye 
reduction with reduced DPN as substrate. 

The chalcone had little effect on the oxidation of hypoxanthine, but did 
inhibit the oxidation of p-hydroxybenzaldehyde by the milk oxidase; the 
latter inhibition was overcome by methylene blue. The rat liver oxidase 
was very effectively inhibited by the chalcone, and this inhibition was 
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again reversed almost completely by methylene blue. The dehydrogenase, 
tested in the presence of methylene blue, was unaffected by this inhibitor. 


- The chalcone inhibition was essentially identical with that previously re- 


ported (17) for Antabuse, inasmuch as both inhibitors were effective with 
the rat liver but not the milk enzyme, and both inhibitors blocked the oxi- 
dase portion of the enzyme without interfering appreciably with the dehy- 
drogenase activity. Treatment of the crude rat liver enzyme with Panges- 
tin destroyed its susceptibility to both Antabuse and the chalcone. The 
crude enzyme with an activity of 7 and 14, respectively, in the absence and 
presence of methylene blue had corresponding activities of 0 and 12 when 
treated with either Antabuse or the chalcone. For the Pangestin-purified 
enzyme the corresponding activities were 7 and 13, and these values were 
unaffected by Antabuse or the chalcone. It cannot be assumed that Anta- 
buse or the chalcone would be effective in vivo, since the inhibition of the 
oxidase portion only of the enzyme might not interfere with the passage of 
electrons from the reduced enzyme to cytochrome ¢ and eventually to oxy- 
gen. 

Atabrine was the only one of the six inhibitors tested which inhibited 
p-amino acid oxidase; this inhibition amounted to about 50 per cent and 
was not reversed by methylene blue. Atabrine had relatively little effect 
(10 to 25 percent) on the dehydrogenase or the xanthine oxidases when each 
was tested in the presence of methylene blue. The inhibition of the oxi- 
dases by Atabrine was greater (35 to 40 per cent) in the absence of methyl- 
ene blue. 

The quinimine form of p-aminophenol was not a particularly effective 
inhibitor of any of these purified enzymes. This inhibitor was previously 
found (15, 16) to be effective in crude liver homogenates, but produced 
variable results with the milk enzyme (2, 15). Ascorbic acid was also not 
a very effective inhibitor of any of these enzymes when the incubation was 
carried out in a buffered medium. 

8-Hydroxyquinoline and Other Chelating Agents'—¥For these studies the 
cytochrome c reduction measurements were made in tris(hydroxymethy])- 
aminomethane buffer, pH 8, to keep the iron in solution. The various 
additions were substituted for an equivalent volume of buffer. These 
additions, when appropriate, were as follows: 0.1 ml. of chelating agent, 
0.1 ml. (0.37 umole) of ferric chloride, 0.1 ml. (0.45 umole) of ferrous am- 
monium sulfate, 0.2 ml. (0.8 umole) of molybdenum as molybdenum tri- 


' Ethylenediaminetetraacetic acid (disodium Versenate) and Versene ferric-spe- 
cific, supplied by the Bersworth Chemical Company, were dissolved in water to make 
0.1 m solutions. Saturated solutions of 1,10-phenanthroline, 8-hydroxyquinoline, 
2-thenoyltrifluoroacetone, and benzoylacetone were used; the last two were obtained 
from the Midcontinent Chemicals Corporation. 
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oxide or molybdic acid in water, and 0.1 ml. (0.5 umole) of the other metallic 
ions tested. In testing the ferrous iron plus chelator, the enzyme was 
added to the cuvette last and only after there was essentially no reduction 
of cytochrome c by the reagents themselves. Chelated ferrous iron by 
itself had very little reducing effect. 

The rate of cytochrome c reduction by milk xanthine oxidase was in- 
creased 2- to 3-fold by the addition of 8-hydroxyquinoline. The simulta- 
neous additon of 20 y of ferric or ferrous iron with the 8-hydroxyquinoline 
gave approximately 5- and 7-fold increases. Ferric ions in the absence of 
8-hydroxyquinoline had little effect; ferrous ions alone reduced cytochrome 
c and could not be tested. Typical results are presented in Table II. When 
a concentrated solution of milk xanthine oxidase was allowed to react with 
hypoxanthine (3 to 5 umoles) under anaerobic conditions in the presence 


TaBLeE II 
Effect of 8-Hydroxyquinoline, with and without Ferric or Ferrous Iron, on 
Reduction of Cytochrome c by Milk Xanthine Oxidase 
The values are in micromoles of cytochrome c reduced per minute per mg. of en- 
‘zyme. For comparison, | mg. of enzyme reduced 0.66 umole of O2 per minute. 


8-Hydroxyquinoline added 
Enzyme alone Incubated* 
+ Fettt + Fett 
0.012 0.034 0.054 0.085 0.094 


* The enzyme was incubated anaerobically with hypoxanthine substrate and 
8-hydroxyquinoline for 1 hour prior to measuring cytochrome c reduction. 


of 8-hydroxyquinoline for 1 hour, then further diluted and tested for its 
ability to reduce cytochrome c by the usual procedure, the activity was in- 
creased as much as 10-fold. Dialysis of such a preparation for 17 hours 
against ion-free water produced no loss of iron from the enzyme. Incu- 
bation of the enzyme with substrate in the absence of 8-hydroxyquinoline 
did not activate the cytochrome reduction. The results suggest that 8- 
hydroxyquinoline reacts with ferrous iron in the enzyme without remov- 
ing it, and that this complex is more effective in reducing cytochrome c¢ 
than is the original enzyme. Addition of or incubation with 8-hydroxy- 
quinoline had no comparable effect on milk xanthine oxidase when the 
activity of the latter was measured manometrically in the presence or ab- 
sence of methylene blue. 

Chicken liver xanthine dehydrogenase reduced 0.5 to 1.0 umole of cyto- 
chrome c per mg. per minute and was therefore 40 times as active as the 
untreated milk enzyme in this test. The reduction of cytochrome c by the 
liver dehydrogenase was stimulated only slightly by the addition of 8-hy- 
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droxyquinoline, and iron caused no added effect. The low cytochrome c 
reductase activity of our milk enzyme may have been fortuitous for the 
demonstration of any iron effect in cytochrome reduction and probably 
accounts for the different results obtained with the liver dehydrogenase. 
The low activity of the milk enzyme was not increased by the use of phos- 
phate buffer. 

Other metal ions which were tested, but found to be incapable of re- 
placing iron, were uranyl, zinc, magnesium, chromium, and cobalt. Molyb- 
dic acid and molybdenum trioxide by themselves usually gave a 50 to 75 
per cent increase in activity. 

None of the other chelating agents tested were as effective as 8-hydroxy- 
quinoline. 1,10-Phenanthroline, alone or with iron, produced a 1- to 2- 
fold stimulation. Disodium Versenate and ferric-specific Versene, to- 
gether with ferrous iron, were about as effective as 8-hydroxyquinoline alone; 
without ferrous iron they were less effective. Benzoylacetone, with or 
without ferric or ferrous iron, caused no more than a 50 per cent increase 
in activity. 2-Thenoyltrifluoroacetone was ineffective. 

SH Inhibitors—The addition of some commonly used sulfhydry! inhib- 
itors, Cut’, arsenite, and p-chloromercuribenzoate, all caused 
inhibition of the chicken liver dehydrogenase by either the manometric or 
cytochrome assay. At a Cu** concentration of 2.5 K 10~* m the meth- 
ylene blue reduction was inhibited approximately 100 per cent, while cyto- 
chrome reduction was inhibited approximately 60 per cent. Ata concentra- 
tion of 7 X 10-7 m p-chloromercuribenzoate, the methylene blue reduction 
was inhibited approximately 40 per cent, while the cytochrome reduction 
was inhibited 90 per cent; the enzyme tended to escape from the p-chlor- 
omercuribenzoate inhibition with time in the methylene blue assay. The 
addition of substrate did not protect against the SH inhibitors. 

Other Substances Tested—In agreement with Dixon and Thurlow (26) 
and contrary to a previous report (27), we have not observed any inhibition 
of the manometric activity of milk xanthine oxidase or chicken liver xan- 
thine dehydrogenase when they were tested in 0.1 m borate buffers of pH 
8.0 and 8.4 and compared with their activities in corresponding phosphate 
buffer. 

The manometric oxidation of hypoxanthine and p-hydroxybenzaldehyde 
by either the milk or rat liver xanthine oxidase in the presence or absence 
of methylene blue was not inhibited by butazolidine in a final concentra- 
tion of 5 mg. per ml. Butazolidine was not oxidized by milk xanthine 
oxidase, but the rat liver preparation contained an enzyme which did oxi- 
dize butazolidine, and this oxidation was inhibited by methylene blue. 

Fluoroacetate (final concentration = 0.01 m) had no effect on the xan- 
thine oxidase activity or the endogenous oxygen consumption of a rat liver 
homogenate in the presence or absence of methylene blue. This was true 
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of normal chow-fed rats in which the liver xanthine oxidase activity was 
40 (c.mm. of O2 per 20 minutes per 283 mg. of fresh liver) or rats fed a 
protein-free diet for 1 week with a liver xanthine oxidase activity of 4. 


DISCUSSION 


Both 6-pteridylaldehyde and cyanide block the purine- and aldehyde- 
dehydrogenating prosthetic group of all three xanthine enzymes; inhibi- 
tion by the former is reversible (3). Both the cyanide-inactivated (13) 
and pteridylaldehyde-inhibited (3) enzymes are still capable of oxidizing 
reduced DPN. The same dehydrogenase prosthetic group appears to be 
involved in removing hydrogen from purine and aldehyde substrates (and 
probably xanthopterin), while the oxidation of reduced DPN appears to 
involve a different prosthetic group. 

The cyanide effect is not characteristic of the inhibition of an iron por- 
phyrin enzyme and is not observed with many other dehydrogenases (11); 
there is no reason to believe that cyanide affects the flavin adenine dinu- 
cleotide (FAD) moiety. Cyanide inactivation of the purine dehydrogenase 
group suggests that a metal such as molybdenum may be associated with 
it. The atypical absorption spectra of the xanthine enzymes may also be 
related to the purine dehydrogenase group, since the aldehyde-quinine oxi- 
dase has a similar spectrum and is likewise inhibited by pteridylaldehyde 
(4). 

Atabrine inhibited p-amino acid oxidase, which has a typical flavin spec- 
trum, but it had little effect on the dehydrogenating activity of the xan- 
thine enzymes. None of the xanthine oxidase inhibitors affected p-amino 
acid oxidase. Such evidence suggests that the FAD moiety of xanthine 
oxidase might be concerned with the oxidation of reduced DPN, while an 
unidentified prosthetic group is actually the center of dehydrogenase ac- 
tivity for aldehydes and purines. FAD has always been assumed to be the 
hydrogen acceptor of the enzyme, because its spectrum is reduced by the 
addition of substrate, but such reduction shows only that the hydrogen is 
eventually passed to the FAD component and provides no information 
about possible earlier reactions in which other parts of the enzyme might 
be involved. 

Reoxidation of xanthine oxidase by air involves a component of the en- 
zyme other than the dehydrogenase group, since certain inhibitors, 1.e. 
Antabuse and the chalcone, can block the autoxidation of the liver enzyme 
without affecting its dehydrogenase activity. This type of inhibition has 
been observed so far only with the rat liver xanthine oxidase, but the sepa- 
ration of oxidase and dehydrogenase activities in this enzyme by two differ- 
ent inhibitors is unambiguous. A comparison of chicken liver xanthine 
dehydrogenase (24) with milk xanthine oxidase did not identify the com- 
ponent of the latter, which is responsible for its reaction with oxygen. 
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The portion of the enzyme responsible for the reduction of cytochrome 
c is not clearly established. Mackler et al. (28) have assigned this activ- 
ity in milk xanthine oxidase to molybdenum largely on the basis of a 
stimulation of this reaction by added MoO3. We also have observed some 
stimulation by molybdenum, but this effect is minor in comparison with 
the very marked response obtained with iron in the presence of 8-hydroxy- 
quinoline. The rdéle of the quinoline in this reaction is ambiguous; hence 
some doubt must be attached to the significance of the iron complex in this 
reaction. However, the possibility that iron mediates the transfer of elec- 
trons from the enzyme to cytochrome c is obvious. 


SUMMARY 


Pteridylaldehyde and cyanide inhibited the dehydrogenase activity of 
milk and rat liver xanthine oxidases and chicken liver xanthine dehy- 
drogenase toward purines and aldehydes but not toward reduced DPN. 
3,3’ ,4,4’-Tetrahydroxychalcone, like Antabuse, blocked the oxidase por- 
tion of the rat liver enzyme without interfering appreciably with its dehy- 
drogenase activity; it had little or no effect on milk xanthine oxidase, and 
the susceptibility of the liver enzyme was destroyed by incubation with 
Pangestin. The oxidation of purine and aldehyde substrates was affected 
similarly by the inhibitors. Atabrine was the only effective inhibitor of 
p-amino acid oxidase; it had little effect on the dehydrogenating activity 
of the xanthine enzymes, but was somewhat more effective against their 
reoxidation by air. Ascorbic acid and the oxidized form of p-aminophenol 
were not very effective inhibitors of any of these purified enzymes. 

8-Hydroxyquinoline activated the cytochrome reductase activity of 
milk xanthine oxidase 2- to 3-fold, and this was increased to 10-fold by the 
simultaneous addition of ferrous ions or by preincubation of the enzyme 
with 8-hydroxyquinoline and substrate. Chicken liver xanthine dehydro- 
genase was more active than the milk enzyme in reducing cytochrome c and 
was stimulated only slightly by 8-hydroxyquinoline with or without iron. 
Cut+ was somewhat more effective in inhibiting xanthine dehydrogenase 
in the methylene blue test than in cytochrome reduction, while the reverse 
was true for p-chloromercuribenzoate. 

It is suggested that an unidentified prosthetic group is the center of de- 
hydrogenase activity for aldehydes and purines, while FAD is responsible 
for the oxidation of reduced DPN. Iron may mediate the transfer of elec- 
trons to cytochrome c. 
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SYNTHESIS AND PROPERTIES OF AN a-AMINO 
ALDEHYDE, HISTIDINAL* 
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An earlier report (2) described the enzymatic conversion of t-histidinol 
to L-histidine by soluble preparations from brewers’ yeast, from Escherichia 
coli, and from a histidinol-adapted soil bacterium. In this reaction, which 
proceeds to completion, 2 moles of diphosphopyridine nucleotide are 
reduced per mole of histidinol oxidized. A two-step reaction scheme was 
postulated in which the a-amino aldehyde corresponding to histidine 
(histidinal,! 2-amino-3-(4,(5)-imidazolyl)propanal) is an intermediate 
representing the first oxidation step in the over-all reaction. The present 
paper describes the chemical synthesis of both optical isomers of histi- 
dinal and some of their properties. The behavior of histidinal as a sub- 
strate in the enzyme systems which oxidize histidinol to histidine is de- 
scribed in the following paper (3), together with other evidence for the 
status of this compound as an intermediate in histidine biosynthesis. 


EXPERIMENTAL 


Materials and Methods—t- and p-histidinol dihydrochloride were pre- 
pared as described previously (2). L- and p-histidine monohydrochloride 
monohydrate were commercial products (Nutritional Biochemicals) and 
were used without further purification. L- and p-histidine methyl ester 
dihydrochloride were prepared by the method of Fischer and Cone (4). 
Amino acetal (diethyl acetal of a-aminoacetaldehyde) was a commercial 
product (Aldrich). Sodium amalgam (2.5 per cent sodium) was a gift of 
Mr. J. T. Sipes of this Institute. Spectrophotometric measurements 
were made at room temperature with a Beckman model DU spectrophotom- 
eter in cells of 1.0 cm. light path, except where otherwise specified. Pa- 
per chromatography for the detection of various imidazole compounds 
was carried out on Whatman No. | filter paper by an ascending method. 
The solvent used was a mixture of ¢ert-butanol (70 parts), formic acid (15 


* A partial report of this work has appeared in abstract form (1). 

t Present address, Department of Pharmacology, New York University College 
of Medicine, New York. 

‘Although no precedent has been established for this nomenclature for amino 
aldehydes corresponding to the familiar a-amino acids, it is adopted in analogy with 
the accepted terms “‘histidinol,’’ ‘“‘tyrosinol,’’ etc., for the amino alcohols. 
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parts), and water (15 parts) (5). Spots were visualized by spraying with 
diazotized sulfanilic acid, followed by 5 per cent sodium carbonate (6). 

L-Histidinal Dihydrochloride—.-Histidine methyl] ester dihydrochloride 
was reduced with sodium amalgam according to the procedure used by 
Neuberg (7) and Fischer (8) for the synthesis of the corresponding amino 
aldehydes from glycine and alanine.2 30 gm. of L-histidine methyl ester 
hydrochloride were dissolved in 300 ml. of water and the solution chilled 
to a slush in an ice-salt bath. 300 gm. of 2.5 per cent sodium amalgam 
were added in small portions, over a period of 45 minutes, with vigorous 
shaking and repeated additions of 5 N HCl to keep the pH of the reaction 
mixture* below 4. After the final addition of sodium amalgam, metallic 
Hg was removed by filtration. 

An ascending chromatogram of the clear colorless reaction mixture was 
developed on paper with the ¢ert-butanol-formic acid solvent. Spraying 
with diazotized sulfanilic acid revealed a major spot with low Ry in addi- 
tion to spots in the position of histidine and histidine methyl] ester (the 
average Ry values for these compounds are shown in Table I). The 
reaction mixture was purified by chromatography with Dowex 50 resin 
(H+ form); the column dimensions were 40 X 3.5 cm. After adsorption, 
imidazole-containing compounds were eluted by a gradient technique in 
which 5 nN HCl was added dropwise to a mixing chamber initially containing 
500 ml. of water. The eluates were collected in 25 ml. fractions and chro- 
matographed on paper with the ¢ert-butanol-formic acid system. Tubes 
20, 21, and 22 contained material having the Ry, of the product detected 
in the initial reaction mixture, together with relatively small amounts of 
histidine and histidine methyl ester. The pooled contents of these tubes 
were concentrated under reduced pressure (bath temperature not exceed- 
ing 50°) to a thick yellow oil that was taken up in methanol and crystal- 


2 Neuberg (7) and Fischer (8) independently described the sodium amalgam re- 
duction of glycine ester hydrochloride and alanine ester hydrochloride to yield solu- 
tions with strong reducing power, from which derivatives of glycinal and alaninal 
respectively were isolated (p-nitrophenylosazones and diethyl acetals). Subsequent 
reports (9-11) indicated that this procedure is also applicable to a number of other 
amino acids, although evidence for amino aldehyde synthesis in most instances has 
rested only on the appearance of a positive Fehling’s test, or comparable indication 
of an easily oxidizable group in the reaction mixture. According to a recent report 
(12), derivatives of the aldehydes corresponding to several natural amino acids have 
been prepared by catalytic hydrogenation of the N-phthaloyl amino acid acy] chlo- 
rides. Isolation of the a-amino aldehydes themselves appears not to have been ac- 
complished, with the possible exception of glycinal hydrochloride, reported as a 
deliquescent gum (13), and alaninal, reported as a crystalline hydrochloride but not 
otherwise characterized (14). 

3 The reaction mixture must be kept acid to protect the amino acid ester from 
saponification and particularly to stabilize the alkali-labile aldehyde product. 
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lized on the addition of ether. After drying at room temperature in vacuo, 
the yield was 400 mg.* 

The compound, recrystallized from methanol-ether as colorless to pale 
yellow needles, gave an elementary analysis® consistent with the dihydro- 
chloride of histidinal plus 1 mole of methanol. The melting point was 
120°, decomposition beginning below 100°. [a]$s93 —13.2°, +5.9° 
(0.59 per cent in water, 2 dm. tube). 


TABLE I 
Approximate Rp Values for Histidinal and Related Compounds 
The chromatograms were made on Whatman No. | paper by the ascending method. 
The solvent system was fert-butanol-formic acid (5). Spots were developed for 3 to 
6 hours and visualized by spraying with diazotized sulfanilic acid, followed by 5 per 
cent NazCO; (6). 


Compound Rr 

Histidinal dihydrochloride................................. 0.08* 
Histidine monohydrochloride monohydrate. ....... ....... 0.22 
Histidine methyl] ester dihydrochloride. . 0.38 
Histidinal diethy! acetal hydrochloride............ 0.47 

Alkaline decomposition product of histidinal. . 0.70t 


* Histidinal spots, when sprayed with the diazo reagent, gave a color distinctly 
more yellow, at comparable concentrations, than the other compounds listed. 

t The alkaline decomposition product, in addition to giving color with the diazo 
spray, is brightly fluorescent in the ultraviolet. 


C;HisN;,0-Cl.. Caleulated. C 34.4, H 6.2, N 17.2, Cl 29.0, CH;O 12.7 


Neutralization equivalent. Calculated (for the dihydrochloride). 122 
Found. 122 


p-Histidinal Dihydrochloride—The pb isomer of histidinal was prepared 
and purified by chromatography as described above, with p-histidine mono- 


‘Since material was crystallized from pooled chromatographic eluates repre- 
senting only a fraction of the histidinal present in the initial reaction mixture, the 
recovery of isolated crystals does not indicate the yield of the reaction. Estimates 
of the quantity of histidinal present before chromatography were based on optical 
density measurements at 340 my of the initial reaction mixture following treatment 
with alkali (see below); in several preparations this method indicated a yield of his- 
tidinal 30 to 5) per cent of theory based on starting quantities of histidine methy] 
ester. 

‘I wish to thank Dr. W. C. Alford, of this Institute, for all the elementary anal- 
yses cited. 
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hydrochloride monohydrate as starting material. The crystalline product 
was chromatographically identical with the L isomer in the (¢ert-butanol- 
formic acid mixture (Table I). fa}§s93 +15.3°. (0.69 per cent in water, 
2 dm. tube.) 


C7HisN;02Cle. Caleulated. C 34.4, H 6.2, N 17.2 
Found. ‘¢ 33.8, * 6.3, ** 16.9 


Derivaltives—Attempts to make aldehyde derivatives by standard meth- 
ods (15) with methone, semicarbazide, or thiosemicarbazide were unsuc- 
cessful and no precipitates® were formed. Solutions of histidinal in 2 y 
HCl gave orange to red precipitates after heating for several days at 70° 
with 0.4 per cent p-nitrophenylhydrazine hydrochloride or 2 ,4-dinitro- 
phenylhydrazine hydrochloride. Precipitates of the p-nitrophenylhy- 
drazine derivative failed to crystallize. The 2,4-dinitrophenylhydrazine 
derivative, however, crystallized in clusters of long orange needles and was 
recrystallized from absolute methanol. Elementary analysis corresponded 
to that of the expected 2,4-dinitrophenylosazone of imidazole methylgly- 
oxal hydrochloride. The melting point was 261—262°. 


CisHysN yoOsCl. Caleulated. C 40.4, H 2.8, N 26.2 
534.8 Found. ‘* 40.4, ** 2.8, ** 26.5 


Solutions of crystalline histidinal gave a positive Fehling’s test and a 
positive, though slowly developing, Schiff test. A purple color with the 
latter reagent appeared only after several hours and was intense after 12 
hours. A similar slowly developing purple color was observed with gly- 
cinal, prepared in solution by treating amino acetal for 15 minutes at room 
temperature with 8 n HCl. 

The diethy! acetal of histidinal was prepared essentially as described for 
glycinal and alaninal by Neuberg (7) and Fischer (8). Pooled eluates from 
a Dowex 50 column containing histidinal, plus significant quantities of 
histidine and histidine methyl ester, were concentrated at reduced pres- 
sure to a thick oil, taken up in absolute ethanol, and repeatedly concen- 
trated from added ethanol. The ethanol solution, kept in an ice bath at 
0°, was saturated with dry hydrogen chloride. On subsequent concen- 
tration of the solution under reduced pressure, crystals of histidine methyl 
ester hydrochloride appeared and were removed by filtration. The fil- 
trate was again concentrated to small volume, made strongly alkaline by 
the addition of excess 10 N NaOH, and kept at room temperature with in- 
termittent shaking for several hours to saponify any remaining histidine 
ester. An ether extract of the alkaline solution contained material which 


6 Although no precipitates were observed under these conditions, evidence for 4 
reaction between histidinal and semicarbazide, thiosemicarbazide, or hydroxylamine 
is presented in the accompanying paper (3). 
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on paper chromatograms gave a single spot of high R,-, visualized by the 
diazo spray (Table 1). On removal of ether by distillation, a thick color- 
less liquid was recovered and purified by distillation at 110° and 0.2 mm. 
of Hg. 


CyoHigNsO2. Caleulated. C 56.3, H 9.0, N 19.7 
213.3 Found. 56.4, 9.2, 19.2, 18.8 


Because the liquid acetal did not consistently give satisfactory analyses, 
the nitrogen value being as much as | per cent low, the chloroplatinate was 
prepared by treating a small quantity of the acetal in ethanol with an ex- 
cess of chloroplatinic acid. A crystalline precipitate formed immediately 
and was recrystallized from aqueous ethanol. The compound melted at 
180° with decomposition. Elementary analysis indicated the participa- 
tion of both the primary amino group and ring N in salt formation, with a 
1:1 molar ratio of the acetal and chloroplatinic acid. 


CioHaN;,02.ClePt. Calculated. C 19.3, H 3.4, Pt 31.3 


Treatment of histidinal diethyl acetal with dilute HCI (0.1 n to 1 N) re- 
sulted in a shift in R,- of the single spot visualized on paper chromatograms 
to a distinctly lower value (Table I); the Ry change was reversible on re- 
alkalization. The material formed in dilute acid was presumed to be the 
hydrochloride of the acetal, but could not be isolated as such. 

Treatment of the diethyl acetal of histidinal with 8 n HCl for 10 min- 
utes or longer at room temperature liberated significant quantities of his- 
tidinal as detected chromatographically, the quantity of the aldehyde in- 
creasing with time of incubation. The remaining chromatographically 
detectable material in such acid incubation mixtures moved in the butanol- 
formic acid solvent with the Ry of the presumptive hydrochloride of the 
diethy] acetal. 

Stability of Histidinal—Dilute solutions of histidinal dihydrochloride in 
water (pH 5 to 6) or in dilute HCl (0.01 to 0.5 N) appeared stable’ for at 
least several days at room temperature or at least several months at — 15°. 
After incubation at room temperature for 5 to 10 minutes at pH 7 or above, 
0.01 m solutions of histidinal became completely inactive (3) as a substrate 
for the histidinol-oxidizing enzymes. This provided definitive evidence 
that crude preparations of histidinal contained no significant quantity of 
L-histidinol; L-histidinol at concentrations of 10-4 m could be recovered 
completely by enzymatic assay (2) after incubation in alkaline solutions 
of histidinal. 

Histidinal in dilute hydrochloric acid gave no spectrum except for end- 


’ Stability is defined by reactivity of the compound as a substrate for histidinol 
dehydrogenase (3). 
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absorption in the region below 240 my. Solutions of histidinal treated with 
alkali (0.2 to 10 N NaOH) became yellow immediately and gave a charac- 
teristic spectrum which changed with time (Fig. 1). The optical density 
at 340 muy of solutions of histidinal in2 N NaOH proved proportional to con- 
centration within a limited concentration range and could be used to assay 
unknown solutions of histidinal, provided that direct comparison was made 
with standard solutions. 

Catalytic Reduction of Histidinal—A solution of 203 mg. (830 umoles) of 
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Fig. 1. Alkaline spectrum of histidinal. At zero time, 0.1 ml. of a solution of 
crystalline histidinal dihydrochloride (1 mg. (4.1 wmoles) per ml. in 0.5 N HCl) was 
added to 0.9 ml. of 2 N NaOH and the spectrum read in a Beckman DU spectropho- 
tometer against a reference cell containing 2N NaOH. Successive spectra were taken 
at subsequent times. The earliest spectrum shown took 5 minutes for completion; 
the earliest spectrum made with a Cary recording spectrophotometer was complete 
within 30 seconds after addition of histidinal to alkali, and was essentially similar 
to that complete at 5 minutes. 
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L-histidinal dihydrochloride in 10 ml. of 0.5 nN HCl, containing 100 mg. of 
platinum oxide, was hydrogenated at 25° and atmospheric pressure for 24 
hours. At this time hydrogen uptake, which had ceased, represented 90 
per cent of theory. The catalyst was removed by filtration and the filtrate 
made to 25 ml. in volume. An aliquot was assayed enzymatically for L- 
histidinol (2) after incubation in tris(hydroxymethyl)aminomethane buf- 
fer at pH 9 to inactivate any residual histidinal. 540 ymoles of L-histi- 
dinol, or 65 per cent of theory, were estimated in this way to have been 
formed from the initial histidinal. When t-histidinol was subjected to 
treatment with hydrogen under similar conditions, no hydrogen was con- 
sumed and 80 per cent of the compound was recovered by enzymatic assay; 
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the recovery of L-histidinol from the reduction of L-histidinal therefore rep- 
resents SL per cent of this control. 

The remainder of the catalytically reduced solution of L-histidinal was 
concentrated to small volume and treated with absolute ethanol. The 
resulting crystalline precipitate (78 mg.) was chromatographically identi- 
eal with histidinol and on enzymatic assay proved to be 95 per cent L-his- 
tidinol. Recovery of crystalline t-histidinol represented 45 per cent of 
theory. 

In the absence of an authentic reference compound, the measured rota- 
tions of synthetic L- or p-histidinal could not serve as criteria of optical 
purity; furthermore, the crystallization of almost pure L-histidinol follow- 
ing the reduction of L-histidinal did not preclude the existence of partly 
racemic histidinol in the original solution. Therefore catalytic reduction 
of a sample of crystalline p-histidinal was carried out, since, after reduction 
and before separation procedures, even traces of L-histidinol could be de- 
tected enzymatically. A solution of 209 mg. (85 umoles) of p-histidinal 
dihydrochloride was hydrogenated in the presence of platinum oxide as 
described for the reduction of the L isomer. Following reduction, aliquots 
of the solution were chromatographed and indicated that the major com- 
ponent present was histidinol; enzymatic assay for L-histidinol revealed 
that no more than 2 wmoles could have resulted from the reduction of the 
initial 856 wmoles of p-histidinal. 

It would therefore appear that both the L and pb isomers of histidinal as 
prepared are essentially pure optically. 

Nature of Methanol in Crystalline Histidinal—The structural réle of the 
mole of methanol present per mole of crystalline histidinal is undetermined. 
It is notable that repeated attempts to crystallize the compound from other 
solvents, including ethanol-ether and propanol-ether, were unsuccessful, 
resulting in gummy precipitates which, however, crystallized readily after 
being taken up in methanol and treated with ether. 

An infra-red spectrum*® made from a Nujol mull of the methanol-con- 
taining crystals failed to show any absorption band attributable to the 
carbonyl group. Since it seemed possible that methanol was present as 
its hemiacetal, a sample of the crystalline compound was dissolved in di- 
lute hydrochloric acid and dried to a gummy residue in a vacuum desic- 
eator over P2Os and KOH. Analysis of the residue indicated that all but 
traces of methanol had been removed; an infra-red spectrum of the resi- 
due,’ however, again failed to reveal definite carbonyl absorption. At- 
tempts to remove methanol from histidinal by heating in vacuo at 80° re- 


* Grateful acknowledgment is made to Mr. H. K. Miller for taking these spectra, 
and to Dr. B. Witkop, Dr. L. Cohen, and Dr. W. Nes for aid in their interpretation. 
* For this purpose the residue was incorporated into a KBr disk. 
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sulted in decomposition of the crystals before significant loss of methanol 
was measurable; heating in vacuo at lower temperatures resulted in no loss 
of methanol. 

The optical rotation of freshly made solutions of crystalline L-histidinal 
dihydrochloride showed no change from 5 minutes to 4 hours after dissoly- 
ing the crystals in water (final pH 3), and thus provided no indication of 
the conversion of a hemiacetal to the free aldehyde or hydrate. Enzy- 
matic experiments to distinguish between the alternatives of a crystalline 
methanolate or hemiaceta] of histidinal are described in the accompanying 
paper (3) and were similarly indecisive. 


SUMMARY 


Both optical isomers of the a-amino aldehyde, histidinal, have been syn- 
thesized as crystalline dihydrochlorides and characterized by the prepa- 
ration of derivatives. Some chemical properties of these compounds are 
described. 


I wish to thank Dr. L. Cohen and Dr. B. Witkop for helpful discussions, 
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COND 


L-HISTIDINAL, A BIOSYNTHETIC PRECURSOR 
OF HISTIDINE* 


By ELIJAH ADAMSt 


(From the National Institute of Arthritis and Metabolic Diseases, National 
Inatitutes of Health, Public Health Service, Bethesda, Maryland) 


(Received for publication, April 21, 1955) 


The enzymatic oxidation of t-histidinol to L-histidine with DPN,! 
catalyzed by soluble preparations? from several microorganisms (2), has 
heen postulated to proceed via the amino aldehyde tL-histidinal. Earlier 
attempts to separate the two enzymatic steps postulated between L- 
histidinol and t-histidine were unsuccessful, as were efforts to trap an 
aldehyde intermediate with carbonyl reagents (2). The present paper 
describes the behavior of synthetic L-histidinal (3) as a substrate in en- 
zyme preparations which oxidize histidinol to histidine. Enzymatic 
studies reported below are consistent with the earlier formulation of the 
over-all conversion of L-histidinol to L-histidine (Reaction 3) as the sum 
of Reactions 1 and 2. 


(1) L-Histidinol + DPN* =< t-histidinal + DPNH + H* 
(2) u-Histidinal + DPN* + H,O — t-histidine + DPNH + H* 
(3) t-Histidinel + 2DPN* + HO L-histidine + 2DPNH + 2H* 


In addition, studies will be described which suggest that the two steps 
corresponding to Reactions | and 2 may be catalyzed by a single enzyme. 


EXPERIMENTAL 


Materials—The following were prepared or obtained as described earlier 
(2): L- and p-histidinol dihydrochloride, DPN, TPN, DPNH, PCMB, 
lactic dehydrogenase, glucose dehydrogenase, histidase and urocanase 
from histidine-adapted Pseudomonas fluorescens. Crystalline prepara- 
tions of L- and p-histidinal dihydrochloride were those described in the 


* A partial report of this work has appeared in abstract form (1). 

t Present address, Department of Pharmacology, New York University College 
of Medicine, New York. 

' The following abbreviations are used: DPN and DPNH, oxidized and reduced 
diphosphopyridine nucleotide; TPN and TPNH, oxidized and reduced triphospho- 
pyridine nucleotide; Tris, tris(hydroxymethyl)aminomethane; PCMB, p-chloro- 
mereuribenzoic acid; DCP, 2,6-dichlorophenolindophenol. 

* Although the number of enzymes concerned in the over-all oxidation of histidi- 
nol to histidine is not definitely established, the system catalyzing the complete 
reaction will be referred to as histidinol dehydrogenase. 
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accompanying paper (3). TPNH was prepared by the enzymatic re. 
duction (4) of TPN with glucose-6-phosphate and glucose-6-phosphate 
dehydrogenase (5). The latter two preparations were provided by Dr. 
B. L. Horecker. Deamino DPN (6) and acetylpyridine DPN (7) were 
gifts of Dr. N. O. Kaplan. Amino acetal (diethyl acetal of a-amine 
en was a commercial product (Aldrich). Histidine-requiring 
mutants Of Escherichia coli were those described previously (2). Two 
additional histidineless mutant cultures of FE. coli were kindly provided by 
Dr. F. J. Ryan of Columbia University. Xanthine oxidase was a prep- 
aration purified 10-fold from cream (8). Purified yeast aldehyde dehy- 
drogenase (9) was a gift of Dr. 8. Black. Histidinol dehydrogenase from 
Arthrobacter histidinolovorans was prepared as described earlier (2); prep- 
arations 15- to 20-fold purified were used. 

Methods—Cultures of wild type and histidineless /. coli mutants were 
grown and cell-free extracts were prepared as described previously (2). 
Spectrophotometric measurements were made at room temperature with 
a Beckman model DU spectrophotometer in cells of 1.0 em. light path, 
except where otherwise specified. 

Paper chromatography for the detection of imidazole compounds was 
carried out on Whatman No. | filter paper by an ascending method. 
Solvents used were a propanol-ammonia system (10) or a mixture of fert- 
butanol, formic acid, and water (11). Spots were visualized by spraying 
with diazotized sulfanilic acid, followed by 5 per cent sodium carbonate 
(10). «w-Histidinol and L-histidine were estimated enzymatically (2). 


Results 
Substrate Activity of u-Histidinal 


All preparations of L-histidinal, both crude and purified, were found to 
react with both DPN and DPNH in the presence of partly purified prep- 
arations of histidinol dehydrogenase from brewers’ yeast or histidinol- 
grown Arthrobacter. DPNH as a product of the enzymatic reaction with 
DPN was identified by its reoxidation with pyruvate in the presence of 
lactic dehydrogenase; similarly, the enzymatic oxidation of DPNH by 
L-histidinal was demonstrated by reducing the DPN formed with glucose 
in the presence of glucose dehydrogenase. 

Enzymatic Synthesis of u-Histidinol from u-Histidinal—1 umole of L- 
histidinal was added to each of two cuvettes containing 100 yumoles of 
Tris at pH 8.7 and 0.2 mg. of enzyme from Arthrobacter (specific activity* 
800) in a total volume of 1 ml. The experimental cell contained in addi- 


3 The partial purification of histidinol dehydrogenase from brewers’ yeast, as well 
as the units of activity for both yeast and Arthrobacter enzymes, are described below 
under ‘‘Purification of yeast enzyme.’’ 


See 4.7" 9338 & = 
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tion 0.1 umole of DPNH. The reaction was followed for 6 minutes by 
the decrease in optical density at 340 my, read against the DPNH-free 
cell. At this time an apparent 0.040 umole of DPNH had been oxidized. 
The contents of both cuvettes were adjusted to pH 1 with 5 n HCl, heated 
| minute at 100° (to destroy remaining DPNH), and diluted to 2.5 ml. 
with 2m Tris at pH 9. After 20 minutes at room temperature to destroy 
remaining histidinal (3), aliquots from both diluted cell contents were 
assayed enzymatically for L-histidinol with the Arthrobacter enzyme. The 
experimental cell contained 0.034 umole of L-histidinol, or 85 per cent of the 
t-histidinal reduced as measured by DPNH oxidation; the addition of L- 
histidinal to the DPNH-free system (reference cell) resulted in no meas- 
urable formation of L-histidinol. 

Enzymatic Synthesis of u-Histidine from w-Histidinal—t.-Histidinal (6 
ymoles) was added to each of two cells containing 150 umoles of Tris 
(pH 8.7) and 1 mg. of a yeast preparation of histidinol dehydrogenase‘ 
(specific activity 300) in a total volume of 1.0 ml. The experimental 
cell contained in addition 3 uwmoles of DPN. Quartz inserts were used to 
reduce the light path to2 mm. The reaction was followed by the change 
in optical density at 340 my for 3 hours, until 0.59 umole of DPNH was 
formed. The reaction was stopped by adjusting the pH to 1 with 5 Nn 
HCl, and aliquots were assayed for L-histidine (2) by the use of a heated 
crude extract of histidine-adapted P. fluorescens (12). In this assay, the 
reference cell (A) contained an aliquot from the DPN-free original ref- 
erence cell; the experimental cell (B) contained an aliquot from the DPN- 
containing original experimental cell. Both (A) and (B) contained in 
addition 100 umoles of Tris at pH 9, 10 umoles of sodium thioglycolate, 
and 3 mg. of enzyme protein (heated histidase) in a total volume of 1.2 
ml. Quartz inserts were used to reduce the light path to 2 mm. 

The conversion of t-histidine to urocanic acid was followed by the in- 
crease in optical density at 277 mu. After a stable optical density differ- 
ence was attained, the increment in the reading at 277 my in (B) over (A) 
corresponded to the formation of 0.59 umole of urocanic acid, in quanti- 
tative agreement with the DPNH formed as the result of histidinal oxi- 
dation. The spectrum of B versus A was taken at the beginning and end 
of the reaction; the difference spectrum (final minus initial) was consistent 
with urocanic acid at this pH (12). 

In similar experiments, histidine formation from L-histidinal was demon- 
strated chromatographically and was dependent on the addition of both 
DPN and the enzyme to incubation mixtures containing L-histidinal. The 


‘The enzyme from brewers’ yeast rather than Arthrobacter was used to catalyze 
the oxidative reaction because of its freedom from histidase (2) which, if present, 
would prevent quantitative accumulation of histidine. 


328 HISTIDINAL IN HISTIDINE BIOSYNTHESIS 


histidine region in streak chromatograms from such incubation mixtures 
was eluted and converted enzymatically to urocanic acid, identifiable by 
its spectra (12). 

Spontaneous lability of histidinal within the alkaline pH range required 
for significant enzymatic activity prevented the accumulation of quanti- 
ties of histidinol or histidine sufficient for conventional chemical identifi- 
cation. With micromole quantities of L-histidinal added as substrate, only 
a small portion of the reaction could be measured in the direction of either 
oxidation or reduction. When smaller quantities (less than 1 umole) of 
L-histidinal were added to cuvettes containing excess DPN and enzyme, 
however, it was possible to demonstrate oxidation of as much as 65 per 
cent of the histidinal added. 


Purification of Yeast Enzyme 


Partial purification of adaptive histidinol dehydrogenase from Arthro- 
bacter was reported earlier (2), together with the indication that dried 
brewers’ yeast was also a source of enzyme. Fractionation of the latter 
material yielded preparations up to 100-fold purified (with respect to the 
oxidation of L-histidinol as substrate) from initial crude fractions. With 
the more extensive relative purification® than in Arthrobacter fractions, 
yeast fractions were compared with respect to the ratio of their activity 
for the oxidation of L-histidinol and t-histidinal. 

Purification Procedure—Dried brewers’ yeast® was autolyzed by ineu- 
bation for 3 hours at 30° with 3 volumes of 0.1 N NaHCQO;. The suspen- 
sion was centrifuged’ for 10 minutes at 22,000 X g in a Servall type SS-1 
centrifuge, and to the clear amber supernatant solution were added 2 
volumes of a solution of ammonium sulfate saturated at 5°. After 20 
minutes at 0°, the precipitate was collected by centrifugation, redissolved 
in about 2 volumes (with respect to the original weight of dried yeast) of 
0.04 m potassium phosphate at pH 6.8, and dialyzed for 16 to 20 hours 


5 Although the most active fractions of the enzyme from histidinol-adapted 
Arthrobacter are only 20-fold purified relative to crude extracts, the absolute specific 
activity is approximately twice that of fractions of brewers’ yeast purified 100-fold 
(Table I). This reflects the approximately 10-fold higher activity of crude prepara- 
tions of the adaptive enzyme than that of crude preparations from non-adapted 
sources. 

6 Beer yeast obtained from the Christian Heurich Brewery (Washington) was 
washed by decantation in a large volume of cold water, squeezed to a cake in a press, 
and then crumbled and air-dried. 

7 Subsequent dialyses and centrifugations were carried out at 5°; other proce- 
dures were carried out in an ice bath. Ammonium sulfate was always added as a 
solution saturated at 5°; fractional saturation in ammonium sulfate is based on the 
volume of ammonium sulfate solution added per total of volume resulting. 
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against 50 to 60 volumes of cold distilled water. The dialyzed solution® 
(Fraction I, Table I) was brought to 0.5 saturation in ammonium sulfate 
and a moderate precipitate was discarded. Addition of ammonium sul- 
fate to a final saturation of 0.67 resulted in a precipitate which was col- 
lected by centrifugation and redissolved in 0.04 m phosphate, pH 6.0, to 
the original volume of the initial dialyzed solution (Fraction II). This 
fraction was then adjusted to pH 4.0 to 4.3 by the addition of a volume of 
0.1 n HCl predetermined by trials with aliquots. The heavy precipitate, 
which began to appear at about pH 5.5, was removed by centrifugation. 


TABLE I 
Purification of Histidinol Dehydrogenase from Yeast 
The assays of Fractions I and II were based on the reduction of DCP, but the 
units are expressed as defined in the text for the observed reduction of DPN to facili- 
tate comparison with subsequent fractions which were assayed by the latter method. 
Other details are described in the text. 


Units per ml. Total units Specific activity 
Histidi- | Histidi- | Histidinol | Histidinal | Misti | Histidi- 
1. 0.67 ammonium sul- | 40 560 440 | 140,000 | 110,000 14 11 
fate, dialyzed 
Il. 0.5-0.67 ammonium | 14.6 660 500 | 120,000 | 92,000 45 34 
sulfate 
III. Supernatant, pH 4 3.7 440 250 | 110,000 | 62,000 119 68 
IV. Dialysis 2.5 330 160 86,000 | 42,000 | 132 64 
V. Ca;(PO,)2 eluate 0.17 | 170 140 42,500 | 35,000 | 1000*| 820 


* This value corresponds to a turnover number of 16 moles of DPN per minute 
per 100,000 gm. of protein. 


The supernatant solution (Fraction II1) was dialyzed overnight against 
a large volume of cold distilled water, and a small additional precipitate 
in the dialysis bag was discarded. Preparations at this stage (Fraction 
IV) proved quite stable and could be kept at —15° for at least several 
weeks without loss of activity for either substrate. The dialyzed super- 
natant solution at pH 4 was then treated with 0.05 volume of calcium 
phosphate gel (aged 2 years, 14 mg. of dry weight per ml.); the gel was 
collected by centrifugation, washed once with 20 volumes of 0.001 m 
phosphate at pH 6.8, and eluted with 20 volumes of 0.004 m phosphate 
at pH 6.8 (Fraction V). This final fraction was considerably less stable 


* This fraction provided the initial assay since, as noted earlier (2), unfractionated 
yeast autolysate cannot be assayed by following either DPN or DCP reduction. 
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than the preceding one, losing approximately half its activity for either 
substrate in several days at —15°. Although the activity of this fraction 
was consistently stimulated by the addition of 0.01 m thioglycolate on 
assay, storage of the enzyme in 0.01 m thioglycolate (adjusted to pH 6.8) 
resulted uniformly in almost complete inactivation compared to control 
samples. 

Further purification attempts by means of acetone, ethanol, metal ion 
treatment, pH adjustment, and heating were unsuccessful. Table | 
summarizes the purification scheme with typical values from a specific 
fractionation. 

Enzyme Assay—Assays for the rate of oxidation of L-histidinol or L- 
histidinal were performed under conditions described previously (2) in 
Tris buffer? at pH 8.7, except that the final reaction volume was 1.0 ml. 
and 0.01 m sodium thioglycolate was routinely present in the assay system 
for more purified fractions (see below). The reaction was started by the 
addition of substrate (0.05 ml. of 0.01 Mm L-histidinol or t-histidinal), 
Through the first two steps of the fractionation outlined above, activity 
with both substrates was measured by DCP reduction (2), since accumu- 
lation of DPNH could not be observed; with subsequent fractions, DPN 
reduction was measured directly at 340 mp. A unit of enzyme is defined 
by an increase of 0.001 optical density unit per minute at 340 mu. Pro- 
tein was estimated spectrophotometrically by using the Warburg and 
Christian extinction coefficients for protein and nucleic acid at 280 and 
260 my (13); specific activity is equal to units per mg. of protein. Pro- 
portionality of enzyme activity and concentration over an adequate range 
was observed with initial rates of both DCP and DPN reduction by both 
substrates. 

Sulfhydryl Stimulation—Although PCMB was found to inhibit the 
adaptive enzyme from Arthrobacter, no sulfhydryl stimulation of the oxi- 
dation of histidinol was observed through the purification reported earlier 
(2). The most highly purified fractions of yeast (Fractions IV and V, 
Table I), however, showed 50 to 100 per cent stimulation by 0.01  thio- 
glycolate when the reaction was observed with either L-histidinol or L- 
histidinal as substrate. Occasional briefly aged preparations, virtually 
inactive when assayed in the absence of thioglycolate, were completely 
restored to activity by its addition. 


® Yeast and Arthrobacter preparations alike have approximately the same pH 
optimum for the oxidation of both L-histidinol and L-histidinal (pH 8.5 to 9.0). Dif- 
ficulties in evaluating a pH-activity curve with L-histidinal as substrate, however, 
arise because of complicating side reactions with commonly used buffers at other pH 
values. Thus, on addition to 0.05 M potassium phosphate at neutral pH, v-histidinal 
reacts to form products which absorb strongly at 340 my; at pH 9.0, histidinal oxida- 
tion proceeds at twice the rate in Tris buffer as in glycine of the same molarity. 
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Attempts to Separate Oxidation of Histidinol and Histidinal—Through 
the purification of the yeast enzyme so far attained, no definite indication 
appeared for dissociation of the over-all reaction into two distinct steps. 
Changes in the ratio of rates for histidinol and histidinal oxidation during 
purification occurred irregularly and were not considered reliable (Table 
II). It should be noted that preparations of the enzyme from Arthro- 
bacter at various stages of purification also gave an essentially constant 
ratio of rates for the oxidation of L-histidinol and t-histidinal. The value 
of this ratio approximates 1.5. 

Occasional fractions, inactive in catalyzing the reduction of DPN with 
either L-histidinol or L-histidinal as substrate, were also tested for the 


TABLE II 
L-Histidinal and L-Histidinol As Combined Substrates 
The reaction was started by adding each substrate, or both, to cuvettes contain- 
ing, in a final volume of 1.0 ml., 50 umoles of Tris at pH 8.9, 0.1 mg. of Arthrobacter 
enzyme, and 0.5 ymole of DPN. The rates shown are the increments in optical 
density at 340 mz between 30 and 90 seconds after substrate addition. 5 X 10-4 Mm 
represents an excess over saturating concentrations for each substrate. 


Concentration, Rate with Concentration, Rate with Rate, L-histidinal + 
L-histidinal t-histidinal L-histidinol L-histidinol L-histidinol* 
M M 
2X 10-5 0.034 1.6 X 10-5 0.065 0.065 
5 X 10-4 0.064 2X 10-5 0.071 0.066 
5 X 10°4 0.064 4X 10-5 0.080 0.067 
5 10-4 0.064 5 X 10-4 0.105 0.095 


* Concentrations of t-histidinal and t-histidinol, when combined, are those 
shown in the same line for each substrate when added separately. 


oxidation of DPNH by t-histidinal (reversal of Reaction 1); in all such 
cases no reaction was observed. 

Attempts were made to dissociate the two reactions by exposure of 
fractions at various stages of purification to partial inactivation by aging, 
heating, or pH changes, singly or in combination, but were uniformly 
unsuccessful in yielding even suggestive changes in the ratio of reaction 
rates for each substrate. 


Specificity of Histidinal Reactions 
The enzymatic reactions with t-histidinal proved highly specific with 
respect to substrate. Enzyme preparations from Arthrobacter gave no 
DPN reduction on the addition of acetaldehyde, imidazole formaldehyde, 


or glycinal; the latter was prepared by incubating amino acetal in 8 N 
HCl. None of these compounds inhibited the reaction with L-histidina] 
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added subsequently. The diethyl acetal of L-histidinal similarly proved 
inactive as a substrate. After incubation in 8 N HCl, however, substrate 
activity was apparent in partly neutralized aliquots. As noted earlier (8), 
this treatment results in the progressive liberation of histidinal as deter- 
mined chromatographically. 

L-Histidinal was not a substrate for xanthine oxidase (8) assayed mano- 
metrically, or for a purified aldehyde dehydrogenase from yeast (9), under 
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Fic. 1. p-Histidinal as substrate for histidinol dehydrogenase of Arthrobacter. 
The reaction mixture contained 50 umoles of Tris at pH 8.9, 0.5 umole of DPN, and 
0.38 mg. of partly purified Arthrobacter enzyme in a final volume of 1.0ml. Additions 
of L- or p-histidinal were made as shown in a volume of 0.05 ml. 


conditions which permitted a reaction of the enzymes with hypoxanthine 
and acetaldehyde, respectively. 

TPN and TPNH were unable to replace DPN and DPNH as cofactors 
in the oxidation or reduction of L-histidinal with enzyme preparations from 
either yeast or Arthrobacter. As described below, the two DPN analogues, 
deamino DPN and acetylpyridine DPN, were both active as oxidants of 
L-histidinol and t-histidinal. 

p-Histidinal—At concentrations up to 100 times that of a saturating 
level of the L isomer, no reaction was observed with p-histidinal in the 
presence of either DPN or DPNH with enzyme preparations from yeast 
or Arthrobacter. Addition of still higher concentrations of p-histidinal, 
however, resulted in a slow reaction which exhibited a definite lag (Fig. 
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1). The nature of this reaction seems consistent with a limiting rate of 
racemization in concentrated solutions of p-histidinal at the pH of the 
enzyme assay (8.5 to 9.0). As might be expected on this basis, the slow 
rate observed with p-histidinal was doubled at pH 9.5 (glycine buffer, 
0.05 m), although the rate with the L isomer under these conditions was 
reduced by 40 per cent. 

The inhibitory action of p-histidinal or p-histidinol with both yeast and 
Arthrobacter enzymes will be discussed below. 

Initiation of Enzyme Reaction with Crystalline L-Histidinal—Attempts 
have been described (3) to distinguish between the alternatives of a meth- 
anol hemiacetal or a methanolate in accounting for the presence of a mole 
of methanol in crystalline histidinal. Enzymatic distinctions were sim- 
ilarly inconclusive. When DPN reduction was initiated by adding a sam- 
ple of crystalline L-histidinal dihydrochloride directly to a cuvette con- 
taining the yeast enzyme in Tris buffer at pH 9, the resulting reaction rate 
was indistinguishable from that following addition of the substrate as a 
solution in dilute hydrochloric acid. Similarly, when the substrate was 
added in methanol, no initial lag or other alteration in the reaction rate 
was observed. If the crystals truly represent a hemiacetal, therefore, it 
must be concluded that conversion to the free aldehyde, or other reactive 
form, is not rate-limiting at pH 9. The unlikely possibility that the 
hemiacetal is itself the active form of the substrate seems ruled out by the 
observation that L-histidinal, freed of methanol by drying from aqueous 
solution (3), remains active as a substrate. 


Kinetic Studies 


Since purification or partial inactivation of both yeast and Arthrobacter 
preparations of histidinol dehydrogenase failed to separate the two en- 
zymatic steps postulated for the over-all reaction, kinetic observations 
were made in an effort to distinguish the two reaction steps. 

Additive Effect of Substrates—If distinct enzymes are responsible for the 
oxidation of L-histidinol and L-histidinal, it might be expected that addi- 
tive rate effects would be observed when appropriate quantities of each 
substrate were combined. As shown in Table IJ, observations of this 
type indicated no summation of the initial rates of DPN reduction on the 
addition of saturating concentrations of L-histidinal plus less than saturat- 
ing concentrations of L-histidinol. In fact, when the concentration of 
L-histidinal exceeded the concentration of L-histidinol by a factor of 12- 
or 25-fold (Table II), the rate for the combined substrates was reduced 
toward the characteristic rate for saturating L-histidinal alone, a result 
consistent with competition of both substrates for a single enzymatic 
site. 
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Competitive Inhibitors—With the yeast enzyme, the D isomers of both 
histidinol and histidinal were found to act as efficient competitive in- 
hibitors of the oxidation or reduction of L-histidinal and of the oxidation of L- 
histidinol. In contrast, reactions with L-histidinol or L-histidinal catalyzed 
by Arthrobacter histidinol dehydrogenase were appreciably inhibited only 
by high relative concentrations of the p isomers.!° 

It was of interest to compare the value of K, for a given inhibitor for 
the three reactions (histidinol oxidation, histidinal oxidation, and _histi- 
dinal reduction) catalyzed by the yeast enzyme. For this purpose, p- 
histidinol was used as inhibitor; in each reaction the concentration of the 
substrate (L-histidinol or L-histidinal) was constant, while inhibitor con- 
centration was varied.'!! For all three reactions measured, it was desir- 
able to vary the concentration of the stable inhibitor, p-histidinol, since 
the more conventional method of varying substrate concentration would 
have introduced the complication of substrate instability (3) in the case 
of histidinal. 

Plots of 1/v — 1/V against J" gave satisfactory straight lines by in- 
spection for the oxidation of L-histidinol and L-histidinal; points were 
scattered in measurements of L-histidinal reduction, and for this reaction 
K, for p-histidinol was therefore determined at two levels of enzyme and 
of DPNH. Values of AK; for p-histidinol as an inhibitor of each reaction 
were calculated by the method of least squares (Table III). 

Comparable measurements were not made to determine K, for p-histi- 
dinol with the Arthrobacter enzyme; in Table IV is shown the extent of 
inhibition for each oxidative reaction by p-histidinol or p-histidinal at 
concentrations 25 times that of substrate. 

DPN Analogues—The availability of two analogues of DPN, deamino 
DPN (6) and acetylpyridine DPN (7), made it possible to investigate an 
enzymatic distinction between the two steps in histidinol oxidation on the 
basis of differences in the reactivity of L-histidinol or L-histidinal with 
DPN and its analogues.'"2 The data of Tables V and VI indicate no clear 


10 p-Histidinol was earlier reported (2) not to inhibit the oxidation of L-his- 
tidinol by Arthrobacter preparations; in the earlier experiments, an insufficient molar 
excess of p-histidinol over L-histidinol was used. 

1! For these conditions, a useful expression for A; can be simply derived from the 
usual form of the equation for competitive inhibition, v = VSK,/(AKsK,; + Kgl + 
K,S) (14), where v and V are individual and maximal velocities, S and J are sub- 
strate and inhibitor concentrations, and Kg and Ky, are, respectively, the Michaelis 
constants for substrate and inhibitor. The derived expression is 1/v — 1/V = 
Ks/VS + Ksl/VSKy,. If 1/v — 1/V is plotted against J where S is constant, then 
the ratio of intercept to slope, (Ks/VS)/(Ks/V SK), gives K; directly. An alterna- 
tive simple graphical method for the determination of A; was recently described by 
Dixon (15). 

12 T am indebted to Dr. 8. P. Colowick for suggesting these experiments. 
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differentiation between the oxidation of L-histidinol and of L-histidinal on 
the basis of maximal rate or coenzyme affinity differences. 


TABLE III 
Values of Ky; for p-Histidinol As Competitive Inhibitor of Yeast Enzyme 


kK; was determined as described in the text and in foot-note 11. The components 
of the histidinol- and histidinal-oxidizing systems were 50 umoles of Tris (pH 8.9), 
0.6 mg. of yeast enzyme (Fraction IV, Table I), 0.5 wmole of DPN, and 10 umoles 
of sodium thioglycolate in a final volume of 1.0 ml. Substrates, respectively, 0.02 
umole of u-histidinol and 0.05 umole of L-histidinal. For histidinal reduction, the 
substrate was 0.05 umole of t-histidinal; the quantities of DPNH and enzyme as 
shown were present in 1.0 ml. of final volume with 50 umoles of Tris (pH 8.9) and 10 
ymoles of sodium thioglycolate. 


Reaction inhibited Ky 


M 


L-Histidinal oxidation................... 5 xX 10-5 
L-Histidinol oxidation................... 5 X 1075 


*(.6 mg. of enzyme and 0.1 umole of DPNH. 
¢ 1.2 mg. of enzyme and 0.16 wmole of DPNH. 


TABLE IV 


Inhibition by p-Histidinol or p-Histidinal of Reactions Catalyzed by 
Arthrobacter Enzyme 


The reaction was started by adding 0.02 umole of L-histidinal or L-histidinol, with 
or without 0.5 umole of p-histidinol or p-histidinal, to cuvettes containing 0.05 mg. 
of partly purified Arthrobacter enzyme, 0.5 umole of DPN, and 50 umoles of Tris 
(pH 8.9) in a final volume of 1.0 ml. The rates measured were the increments in 
optical density at 340 mu between 30 and 150 seconds after substrate addition. 


; Per cent inhibition 
Substrate 
p-Histidinol p-Histidinal 
0.089 39 40 


Mutant Studies 


Earlier studies (2) of £. coli extracts revealed significant activity for 
the oxidation of L-histidinol in extracts of wild type cells and of those 
histidineless mutants in which t-histidinol can replace the histidine re- 
quirement for growth; two mutants which could not utilize L-histidinol 
for growth yielded extracts with no detectable content of histidinol de- 
hydrogenase. 
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After unsuccessful efforts to separate distinct yeast fractions for the 
oxidation of histidinol and histidinal, a series of histidineless mutants of 
FE. coli was again investigated, with the expectation that those cells in- 


TABLE V 


Relative Rates and K,, for DPN and Deamino DPN in Oxidation of 
L-Histidinol and L-Histidinal 


The reaction was started by adding 0.5 umole of L-histidinol or 0.05 umole of 1.- 
histidinal to cuvettes containing 50 uwmoles of Tris at pH 8.9, 0.1 mg. of Arthrobacter 
enzyme, and 0.55 umole of DPN or 0.65 umole of deamino DPN in a final volume of 
1.0 ml. The rate shown is the optical density increment at 340 my between 30 and 
90 seconds after substrate addition. The concentrations of DPN and deamino DPN 
were determined by assay with glucose dehydrogenase and glucose. 


Initial rate Ky», 

Ratio of rates 
Substrate deamino DPN 

Oe DPN Deamino DPN 

M M 
0.084 0.072 0.86 4.4 10°* 2.1 & 10-4 
L-Histidinal............. 0.064 0.050 0.78 4.3 & 1074 | 4.6 & 10-4 
VI 


Relative Rates with DPN and Acetylpyridine DPN in Oxidation of 
L-Histidinol and .-Histidinal 
Conditions for the Arthrobacter enzyme as in Table V, except that in all the reac. 
tions 0.5 umole of DPN or acetylpyridine DPN was added. For measurements with 
the yeast enzyme, the cuvettes contained 0.6 mg. of protein (Fraction IV, Table I) 
and 10 wmoles of sodium thioglycollate. Rates measured as in Table V. 


Initial rates 
Ratio of rates 

Source of enzyme Substrate acetylpyridine DPN 
DPN DPN 
Arthrobacter L-Histidinol 0.095 0.040 0.42 
L-Histidinal 0.051 0.024 0.47 
Yeast L-Histidinol 0.089 | 0.043 | 0.48 
L-Histidinal 0.045 0.025 | 0.55 


capable of utilizing histidinol should be lacking in one or the other of the 
two steps postulated in its conversion to histidine, but not necessarily both. 

Extracts of seven mutants of this type were examined, including the 
two previously studied. In no case was any reaction visible in the dye 
reduction test (2), nor could any disappearance of L-histidinol be detected 
when 3 to 5 umoles were incubated with crude extracts for 18 to 24 hours. 
Under these conditions with similarly prepared extracts from wild type 
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cells or from mutants blocked before histidinol, at least half the added 
histidinol is converted to histidine in several] hours (2). 

Since such extracts were incapable of attacking t-histidinol, attempts 
were made to demonstrate their ability to oxidize L-histidinal. Crude 
extracts of these mutants gave negligible rates of DCP reduction with 
t-histidinal, in contrast to the unequivocal reaction seen with comparable 
preparations of wild type cells or of those mutants capable of growth on 
histidinol and histidinol utilization in extracts. 


TaBLeE VII 
Oxidation of Histidinol and Histidinal by Concentrated E. coli Preparations 


M-18 and M-25 are histidineless mutants capable of utilizing L-histidinol for 
growth or as a substrate for oxidation to L-histidine in cell-free preparations. M-22, 
M-23, and M-29 are mutants incapable of utilizing L-histidinol for growth. The as- 
say system (2) contained 50 umoles of Tris at pH 8.7, 0.02 ml. of Clostridium kluyveri 
extract, 0.5 umole of DPN, 0.025 umole of DCP, and extract protein as shown, in a 
final volume of 1.0 ml. The reaction was started by the addition of 0.05 umole of 
t-histidinol or L-histidinal and measured by the rate of decrease of optical density 


at 600 mu. 1 unit of enzyme is the amount required for an optical density change 
of 0.001 per minute, and specific activity equals units per mg. of protein. Prepara- 
tions made as described in the text. 
Specific activity 
Source of extract Protein in assay vessel 
Histidinol Histidinal 
mg. 

Wild type 1.4 26 54 

M-18 0.7 28 70 

M-25 3.0 19 57 

M-22 2.7 <0.1 <0.1 

M-23 3.5 <0.1 <0.1 

M-29 15.0 <0.1 <0.1 


Because a small blank reaction (independent of substrate addition) in 
the DCP assay limited the quantity of crude extract which could be tested, 
extracts from both groups of mutants were subjected to a concentration 
procedure which permitted the testing of relatively concentrated protein 
solutions. The procedure consisted of an initial 24 hour dialysis of the 
crude extract against 100 volumes of cold distilled water, removal of 
nucleic acid, and some inert protein by treatment with 0.1 volume of 1 
per cent protamine sulfate (Nutritional Biochemicals), and ammonium 
sulfate fractionation of the protamine supernatant fluid. The precipitate 
appearing between 0.5 and 0.67 saturation in ammonium sulfate was re- 
dissolved in a small volume of 0.04 m phosphate buffer at pH 6.8. 
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Such concentrated preparations from wild type cells or mutants blocked 
before histidinol uniformly gave rapid rates of DCP reduction with L- 
histidinol or t-histidinal as substrates (Table VII). The specificity of 
L-histidinal oxidation was supported by the absence of the reaction with 
p-histidinal, or with L-histidinal preincubated for 10 minutes or more in 


Tris buffer at pH 9. 


INCREASE IN OPTICAL DENSITY AT 340 Mm 


2 OPNH mM 2 OPNH 
— 
<a Fe 
0.2 
a 
WwW 
a 
0.1 
SEMICARBAZIDE HYDROXYLAMINE 
@ NONE i: @ NONE 
4 0.05M O 0.25 M 
010M < 4 0.05 M 
010M 
MINUTES MINUTES 


Fic. 2. Effect of semicarbazide (A) or hydroxylamine (3) on L-histidinol oxida- 
tion. The reaction was started by adding 0.02 umole of L-histidinol to a cuvette 
containing 50 uwmoles of Tris at pH 8.9, 0.2 mg. of purified Arthrobacter enzyme, 0.5 
umole of DPN, and the concentration of semicarbazide or hydroxylamine shown, in 
a final volume of 1.0 ml. The carbony! reagent was added as a solution adjusted to 
pH 9 with NaOH and Tris. The line marked ‘*2 DPNH” indicates the theoretical 
optical density change for complete oxidation to histidine of the quantity of his- 
tidinol added. 


Similar concentrated preparations were made from three mutants un- 
able to utilize L-histidinol for growth; these preparations proved incapable 
of reducing DCP with L-histidinol or t-histidinal (Table VII). Mixtures 
of active and inactive preparations gave reaction rates for either substrate 
of the magnitude expected for the quantity of active enzyme added. 


Inhilntion by Carbonyl Reagents 


It was previously reported (2) that semicarbazide, added to an enzy- 
matic reaction mixture with L-histidinol as substrate, proved incapable of 
influencing the complete oxidation to L-histidine as determined by the 
stoichiometry of DPN reduction. The availability of L-histidinal as 


of 
the 


E. ADAMS 339 


substrate has now permitted more detailed observations of the effects of 
carbonyl trapping reagents on enzymatic reactions with both substrates. 
As reported earlier, relatively high concentrations of semicarbazide, 
thiosemicarbazide, or hydroxylamine do not significantly alter the stoichi- 
ometry of L-histidinol oxidation; relatively low concentrations of each of 
these reagents, however, completely inhibit the oxidation or reduction of 
t-histidinal as the substrate added with either the yeast or Arthrobacter 
enzymes. These two observations are consistent with the conclusion 
either that L-histidinal itself is not the intermediate in L-histidinol oxida- 


TaBLe VIII 


Effect of U-Histidinal and Semicarbazide or Hydrorylamine Concentration 
on Inhibition of U-Histidinol Oxidation 


In each case the reaction was started by adding 0.5 umole of L-histidinol to a re- 
action mixture of final volume 1.0 ml. containing 50 umoles of Tris, 0.1 mg. of Arthro- 
hacter enzyme, 0.5 wymole of DPN, and the concentrations of semicarbazide or hy- 
droxylamine indicated. After 2 minutes 0.05 ml. of a solution of L-histidinal was 
added to give the final concentration shown. The reaction was followed for 90 sec- 
onds more, the rate during this interval being compared with the control rate in the 
presence of a corresponding concentration of carbonyl reagent without histidinal. 
Control rates were in the ratio 100, 95, 87, and 66 for5 X 10-+m, 5 K 10°-*M, 5 & 10°? 
wu semicarbazide, and 5 XK 107-2 m hydroxylamine, respectively. 


Per cent inhibition 
L-Histidinal Semicarbazide Hydroxylamine 
5X 5 KX 103M 5 X 10°4M 5 KX 10 
5 X 10~4 100 56 23 64 
5 75 17 9 
5 40 2 


tion or that its dissociation from the enzyme concerned cannot permit 
appreciable trapping by these carbonyl reagents. The data below indi- 
cate an additional aspect of these effects; namely, the formation of com- 
plexes between the semicarbazides or hydroxylamine with L-histidinal, 
which competitively inhibit the oxidation both of L-histidinol and of L- 
histidinal. The inhibitor activity of this type of complex is optically 
specific since its formation requires the L isomer of histidinal. 

Effects of Carbonyl Reagents on u-Histidinol Oxidation—The failure of 
concentrations of semicarbazide or hydroxylamine up to 0.1 mM" to alter 


'S Because of solubility limitations, thiosemicarbazide was tested at a maximal 
concentration of 0.04 m. At this concentration there was no effect on the rate or 
stoichiometry of L-histidinol oxidation. 
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significantly the stoichiometry of DPN reduction with limiting L-histidino| 
as substrate is illustrated in Fig. 2. Although an appreciable effect on 
the rate of the reaction is seen, particularly with increasing concentrations 
of hydroxylamine, this cannot be attributed to aldehyde trapping, since, 
in the presence of L-histidinal, hydroxylamine is a less effective inhibitor 
than semicarbazide (Table VIII). It is in any case not unreasonable to 
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INCREASE IN OPTICAL DENSITY AT 340 mu 


MINUTES MINUTES 


Fig. 3. Inhibition of L-histidinol oxidation by semicarbazide and t-hisfidinal com- 
bined. A, both cuvettes contained initially 50 wymoles of Tris at pH 8.9, 0.1 mg. of 
Arthrobacter enzyme, 0.5 umole of DPN, and 50 uwmoles of semicarbazide in a final 
volume of 1.0 ml. The reaction was started by adding 0.5 wmole of L-histidinol; 
subsequently 0.5 wmole of L-histidinal or p-histidinal was added as shown. B, as in 
A, except that 0.5 wmole of t-histidinal was present in each cuvette initially; 530 
umoles of semicarbazide were added as shown to the cuvette represented by solid 


circles. 


suggest other modes of enzyme inhibition by high concentrations of these 
reactive compounds. 

Inhibition of Reactions with L-Histidinal—Much lower concentrations of 
semicarbazide, thiosemicarbazide, or hydroxylamine than those required 
to influence histidinol oxidation were found to inhibit the enzymatic 
oxidation or reduction of L-histidinal by either yeast or Arthrobacter prep- 
arations. Thus a final concentration of 2.5 & 10-2 M semicarbazide, which 
under identical conditions does not influence the rate of L-histidinol oxi- 
dation (Fig. 2), resulted in 96 per cent inhibition of the oxidation of L- 
histidinal. Concentrations of semicarbazide as low as 5 & 10-4 mM produced 
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appreciable inhibition" of t-histidinal oxidation, as did similar concen- 
trations of thiosemicarbazide or hydroxylamine. 

Inhibition of u-Histidinol Oxidation by Semicarbazide and .-Histidinal 
Combined—The simultaneous presence of semicarbazide and t-histidinal 
was unexpectedly found to produce marked inhibition of the oxidation of 
t-histidinol by either Arthrobacter or yeast enzymes (Fig. 3, A and B). 
Semicarbazide as the second addition led to less complete inhibition; on 
the basis of separate experiments this was attributable to the rapid spon- 
taneous destruction of t-histidinal at the pH of the enzyme reaction. 


TaBLe IX 
Effect of L-Histidinol Concentration on Inhibition by L-Histidinal-Semicarbazide 


Conditions as in Table VIII, except that the final concentrations of semicarbazide 
and L-histidinal were 5 X 10°? m and 5 X Mm, respectively. The reaction was 
started by adding L-histidinol at the final concentrations shown. 


L-Histidinol | Control rate | Inhibited rate* Per cent inhibition 
Be 

5 xX 10-3 | 0.090 0.066 27 

5 Xx 10-4 | 0.084 | 0.040 48 

5x 10° | 0.085 | 0.021 75 


* Change in optical density at 340 mg between 15 and 90 seconds after the addi- 
tion of L-histidinal to a cuvette containing the histidinol-oxidizing system plus semi- 
earbazide. The control rate represents identical conditions except for the omission 
of t-histidinal. 


p-Histidinal in the presence of semicarbazide led to no inhibition of histi- 
dinol oxidation (Fig. 3, A). 

The inhibitory action of L-histidinal and semicarbazide together varied 
directly with the concentration of each component (Table VIII); inhibition 
at fixed concentrations of semicarbazide and .L-histidinal was increasingly 
relieved by increasing concentrations of L-histidinol (Table IX). The 
data are thus consistent with the reversible formation of a semicarbazide- 
L-histidinal complex which acts as a competitive inhibitor of L-histidinol 
oxidation. 


“It was of interest that low concentrations of L-histidinal (10° m), in contrast, 
were more rapidly oxidized in the presence of semicarbazide (2.5 K 10-3 mM) than in 
its absence; this seemingly paradoxical effect is consistent with the formation of a 
dissociable semicarbazide-histidinal complex that protects low concentrations of the 
substrate from irreversible spontaneous side reactions (3). That such a protective 
complex is formed non-enzymatically was suggested by experiments in which semi- 
earbazide was preincubated at pH 9 with L-histidinal; subsequent addition of enzyme 
led to consistently faster initial rates and more sustained reactions than when 1-his- 
tidinal was preincubated without semicarbazide. 
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DISCUSSION 


The data presented can be considered in the light of two related ques. 
tions concerning the mechanism of histidinol oxidation: (a) the status of 
L-histidinal as an intermediate and (b) the number of enzymes concerned 
in the oxidation of L-histidinol to L-histidine. 

The substrate activity of L-histidinal with all enzyme preparations 
from three sources and its enzymatic conversion to histidinol or histidine 
by DPNH or DPN are consistent with the status of this compound as an 
intermediate in histidine biosynthesis. Further weight for this thesis js 
provided by the specificity of L-histidinal as a substrate, and particularly 
by the failure to demonstrate its substrate activity in those EF. coli mutants 
which presumably differ from wild type cells and other histidineless mu- 
tants only in their inability to convert histidinol to histidine. A more 
direct demonstration by isolation of histidinal as an enzymatic product of 
histidinol oxidation would seem to present major technical problems be- 
cause of the instability of this compound within a pH range required for 
enzymatic activity, and because of the demonstrated difficulty of forming 
satisfactory derivatives at low concentrations (3). It should be acknowl- 
edged, however, that trapping experiments with labeled histidinol and 
unlabeled histidina]l might illuminate both this problem and the related 
question of equilibration of enzymatically formed “histidinal’” with the 
free added compound. 

Assuming that L-histidinal is a genuine intermediate in histidinol oxi- 
dation, it has not been possible so far to obtain evidence for the over-all 
reaction as the sum of more than one distinct enzymatic step. Consistent 
with a tentative picture of catalysis of both oxidation steps by a single 
enzyme are failure to separate these steps by fractionation, failure to 
distinguish them by kinetic analysis, and failure to dissociate them in a 
group of FE. coli mutants. The two latter types of observation are the 
more cogent, since the degree of purification is not sufficient to question se- 
riously the ultimate recognition of two enzymatic steps on this basis alone. 

Observations with ZF. coli mutants indicated that, in all cells studied, 
either unequivocal activity for both substrates, L-histidinol and _ t-histi- 
dinal, was present simultaneously or both reactions were missing. The 
method of assay seemed capable of' detecting, for either substrate, less 
than 1 per cent of the activity present in the positive group of cell prep- 
arations. 

Alternative explanations for the apparent association of the two reactions 
in £. coli mutants might be based on the conception of adaptive forma- 
tion of a second enzyme in response to the product of a first. This would 
then require an accompanying hypothesis that, of the mutants studied, 
all were blocked specifically for the first step (since L-histidinol incubated 
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with these extracts was completely stable) either because of unexplained 
susceptibility of the associated genetic apparatus or because of the lethal 
effects of the intracellular accumulation of histidinal or its decomposition 
products. 

The suggestion that a single enzyme might catalyze the oxidation of 
both t-histidinol and t-histidinal can at present be supported only by 
consistent rather than by compelling data. It might be postulated that 
the hydrated amino aldehyde, as the enzymatically susceptible species in 
solution (16), would satisfy the specificity requirements of an enzyme 
which also dehydrogenated histidinol; three points of specificity are shared 
by both compounds: the imidazole ring and a primary hydroxyl! and pri- 
mary amino group on carbons 1 and 2, respectively, of the side chain. 
The extreme lability of histidinal in addition encourages a picture of the 
reaction which does not permit this intermediate to decompose spontane- 
ously, once formed, but requires its readiness for a second dehydrogenation 
step as an enzyme-bound substrate. 

Whether or not a single enzyme catalyzes the reactions of exogenous 
t-histidinal, it is evident that the enzymatic intermediate behaves differ- 
ently in certain respects from the added substrate. Thus semicarbazide 
and exogenous L-histidinal form a complex which competitively inhibits 
the oxidation of L-histidinol; yet appreciable amounts of such an inhibitory 
complex are not formed from endogenous “‘histidinal” when semicarbazide 
is present during the oxidation of t-histidinol. Although it might be 
argued that this observation suggests a qualitative difference between 
endogenous and exogenous histidinal, an equally satisfactory explanation 
rests on the reasonable consideration that insufficient L-histidinal, gener- 
ated enzymatically, is present at any given time to permit the formation 
of effective concentrations of the dissociable semicarbazide complex. This 
condition would evidently be favored by the participation of a single 
enzyme in both the formation and the further oxidation of L-histidinal. 

Quantitatively, such an explanation depends on differences in the affinity 
for L-histidinal of semicarbazide and the enzyme. It should be noted 
that an appreciable dissociation from the enzyme is observed with exog- 
enous L-histidinal; the K,, for t-histidinal oxidation was approximately 
10-§ m with both the yeast and Arthrobacter enzymes. A large potential 
error in this value, however, resides in the rapid spontaneous inactivation 
of the substrate at limiting concentrations; the actual affinity of L-histi- 
dinal for the enzyme may well be much greater. 

Regardless of the detailed mechanism of histidinol oxidation, the sub- 
strate activity of L-histidinal appears to qualify it as the first example of 
the participation in normal metabolic reactions of an a-amino aldehyde 
corresponding to one of the natural amino acids. 
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SUMMARY 


L-Histidinal is active as a substrate in several systems (yeast, Escherichia 


coli, Arthrobacter) catalyzing the over-all oxidation of L-histidinol to 1- 
histidine, and in these systems is enzymatically converted to L-histidinol 
with DPNH as reductant or to t-histidine with DPN as oxidant. 1. 
Histidinal is unreactive as a substrate with preparations of those E. colj 
mutants which are incapable of carrying out the complete oxidation, 
Enzyme fractionation, kinetic studies, and experiments with E. coli mu- 
tants all support the suggestion that a single enzyme may catalyze the 
two successive oxidation steps from histidinol to histidine. 
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AN ISOTOPIC STUDY OF THE CONVERSION OF ANTHRANILIC 
ACID TO INDOLE* 
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Anthranilic acid and indole have been implicated as intermediates in the 
biosynthesis of tryptophan in several microorganisms (1-5). A mecha- 
nism of tryptophan synthesis from indole has been established, namely the 
pyridoxal phosphate-dependent coupling of indole and L-serine (6-9). 
Previous studies of the conversion of anthranilic acid to the indole ring of 
tryptophan have shown that the amino nitrogen of anthranilic acid is re- 
tained (10) while the carboxy] carbon is removed (11). The actual steps in 
the conversion of anthranilic acid to indole, however, are at present un- 
known. 

Since the carboxyl carbon of anthranilic acid is lost during indole forma- 
tion, 2 additional carbon atoms must be supplied to complete the pyrrole 
ring of indole. In recent experiments with extracts of E’scherichia coli it 
was observed that various ribose derivatives would serve as the source of 
these 2 carbon atoms (12). The isotope experiments reported in this pa- 
per represent another approach to the problem of identifying the donor of 
the required carbon atoms. The data obtained suggest that the 2 carbon 
atoms in question are derived from carbons 1 and 2 of glucose by one path- 
way and from carbons 2 and 3 of glucose by a second pathway. 


EXPERIMENTAL 


A tryptophan auxotroph (strain T-3) of the K-12 strain of FE. coli was 
employed as the source of the enzymes which convert anthranilie acid to 
indole. This mutant is blocked in the synthesis of anthranilic acid and 
thus its tryptophan requirement can be satisfied by anthranilic acid or in- 
dole. In all experiments T-3 cultures were grown on a minimal medium 
(13) supplemented with anthranilic acid (2 y per ml.) and 0.16 per cent glu- 
cose. Cultures were incubated with shaking for a minimum of 40 hours at 
37°. The cells were harvested by centrifugation, washed once with saline, 


* This investigation was supported by the Atomic Energy Commission (contract 
No. AT(30-1)-1017) and by the National Science Foundation. An abstract of some 
of the data presented in this paper has been published (24). Some of the experi- 
ments included in this paper were performed while the author was at Yale University. 

The carbon atom in position 2 of the pyrrole ring of indole will be designated car- 
bon 2, while the carbon atom in position 3 will be designated carbon 3. 
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and suspended (20 to 50 mg. dry weight of cells per ml.) in 0.1 mM phosphate 
buffer at pH 7.0. These suspensions were either disrupted in a9 ke. Ray. 
theon sonic oscillator or used in cell suspension experiments without fur- 
ther treatment. Sonic extracts were centrifuged for 20 minutes at 60,000 
X g and dialyzed (internal stirring) for 3 hours against 0.01 m phosphate 
buffer at pH 7.8 before use. 

The uniformly labeled glucose used in these experiments was obtained 
from the Isotopes Specialties Company, Inc., and the Nuclear Instrument 
and Chemical Corporation. The glycerol-1 ,3-C™ was also obtained from 
the Isotopes Specialties Company, Inc. The glucose-1-C"™, glucose-2-C 
glucose-6-C™, and ribose-1-C™ were purchased from the Nationa] Bureau 
of Standards.! 


Assay Methods 


Indole was determined colorimetrically with Ehrlich’s reagent (14). 
Anthranilic acid was assayed fluorometrically (15). In a few cases an- 
thranilic acid was also determined microbiologically with strain T-3. 


Experiments with Cell Suspensions 


In experiments with cell suspensions an aliquot of washed cells was 
incubated with anthranilic acid (30 y per ml.), hydroxylamine hydro- 
chloride (2 umoles per ml.), and a suitable carbon source in a final volume 
of 10 ml. After 15 to 30 minutes of shaking at 37°, 1 ml. of 1 ~s NaOH 
was added and the indole formed was extracted with ether and isolated by 
the procedure described below. 


Experiments with Extracts 


In the extract experiment the incubation mixture had the following 
composition: 300 7 of anthranilic acid, 0.4 ml. of 1 Mm KCl, 0.1 ml. of 0.1 
M MgSO,, 0.5 ml. of 5 &X 10-? mM hydroxylamine hydrochloride, 8 mg. of 
adenosine triphosphate, 1 ml. of 1 Mm tris(hydroxymethyl)aminomethane 
buffer at pH 7.8, 2 mg. of ribose-1-C', and 4 ml. of extract. The final 
volume was 10 ml. After 45 minutes at 37°, 2 ml. of 1 N NaOH were 
added to the incubation mixture and the indole was extracted with ether 
and isolated as described below. 


Isolation of Indole 


2 to 5 mi. of 0.1 N NaOH were added to an ether extract and the ether 
was removed in vacuo. The alkaline residue was then distilled in vacuo 
until the contents of the distilling flask gave a negative or very weak test 


1 The radiocarbon used in this work was obtained on allocation from the United 
States Atomic Energy Commission. 
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for indole. The distillate, containing the indole, was then removed and 
assayed colorimetrically (14). In several experiments the distillate was 
examined spectrophotometrically and chromatographically. In addition, 
in a few instances the rate of disappearance of the isolated material was 
compared with the rate of disappearance of authentic indole in the reac- 
tion catalyzed by tryptophan synthetase (indole + serine — tryptophan). 
The results of the foregoing tests indicated that the isolated material in- 
deed was indole. Carrier indole was usually added to a portion of the 
indole solution and the indole was then precipitated as the picrate. The 


_pierate was either counted directly or oxidized (16) and counted as BaCQs. 


All values were corrected for self-absorption. 


__serine_ CH, CHNH,COOH -CH2CHNH2 COOH 
“tryptophan tryptophan NHCHO 
H 


synthetase peroxidase 
oxidase 
indole tryptophan formyl kynurenine 
| formylase 

COOH ¢-CH, CHNH, GOOH 
NH2 —_—kynureninase NH2 

anthranilic acid kynurenine 


Fig. 1. Degradation of indole to anthranilic acid 


Degradation of Indole to Anthranilic Acid 


In a number of experiments labeled indole was degraded enzymatically 
by the sequence of reactions shown in Fig. 1. The product of these reac- 
tions, anthranilie acid, has all the carbons of the original indole except the 
carbon atom (carbon 2) in position 2 of the pyrrole ring. The tryptophan 
synthetase (8) and kynureninase (15) preparations employed in the deg- 
radation were from Neurospora, while the tryptophan peroxidase-oxidase 
preparation (17) (containing an excess of formylase) was obtained from 
rat liver. 

The first step in the degradation involved incubation of 40 to 100 y 
of labeled indole with 2 mg. of L-serine, 4 y of pyridoxal phosphate, 0.1 
ml. of 0.5 m phosphate buffer at pH 7.8, and 0.1 ml. of a tryptophan syn- 
thetase preparation. After all the indole disappeared (usually 20 to 30 
minutes), the following supplements were added: 1 ml. of a tryptophan 
peroxidase-oxidase preparation, 0.1 ml. of a kynureninase preparation, 
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0.5 umole of adenosine triphosphate, 0.5 umole of adenylic acid, 4 y of 
pyridoxal phosphate, 4 uwmoles of MgSQ,, and 1 mg. of methylene blue. 
The final volume was usually 3 ml. In some cases uric acid and uricase 
were added as a peroxide-generating system, since it is known that tryp- 
tophan peroxidase-oxidase activity is stimulated in the presence of these 
supplements (17). The incubation mixture was shaken in air at 37° for 
2 hours. At the end of this period 0.3 ml. of 10 per cent perchloric acid 
was added and the protein precipitate was removed by centrifugation. 
The precipitate was washed once with 1 per cent perchloric acid and the 
washings were combined with the supernatant solution. This solution 
was then extracted with several portions of ether and the ether extracts 
were combined. Most of the anthranilic acid present in the incubation 
mixture was extracted by this procedure. The ether extracts were taken 
to dryness and the residue was dissolved in 0.2 to 0.5 ml. of 95 per cent 
ethanol and chromatographed on Whatman No. 3 filter paper. The de- 
veloping solvent contained 25 ml. of butyl alcohol, 50 ml. of propyl alco- 
hol, 25 ml. of water, and 1 ml. of 1 N NH,OH. The anthranilic acid band 
on the chromatogram was located as described previously (10). The band 
was eluted with water and the anthranilic acid content of the eluate was 
determined. 15 to 40 y of anthranilic acid were recovered, depending 
upon the amount of indole added to the incubation mixture. If indole 
was omitted from the incubation mixture, detectable amounts (1 y or 
more) of anthranilic acid were not formed. Carrier anthranilic acid (5 to 
20 mg.) was added to the eluate from the chromatogram and the solution 
was taken to dryness. The anthranilic acid was then isolated by sub- 
limation in vacuo. The sublimed anthranilic acid was either oxidized 
(16) without further treatment and counted as BaCOQ, or cystallized from 
benzene and filtered onto a planchet from a benzene-petroleum ether 
mixture. 


Results 


The ability of cell suspensions of strain T-3 to convert anthranilic acid 
to indole is shown in Table I. It is evident that glucose, ribose, and glu. 
conate serve as excellent carbon donors for this conversion. It is also 
apparent from the data that there is some indole production from an- 
thranilic acid even in the absence of an exogenous carbon donor. When 
anthranilic acid is omitted, however, indole is not formed. Although the 
indole production from endogenous material could not be eliminated com- 
pletely, it was reduced to a low level by using T-3 cultures which were at 
least 40 hours old. These cultures appear to have less endogenous ma- 
terial available for indole synthesis from anthranilic acid than younger 
cultures. 

In order to determine the origin of the carbon atoms which are added to 
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anthranilic acid during the synthesis of indole, a number of cell suspension 
experiments (see Table II) were carried out with C-labeled carbon sources 
and unlabeled anthranilic acid. With uniformly labeled glucose as the 
carbon source it was found that the specific radioactivity (counts per 
minute per mg. of carbon) of the indole formed was greater than one- 
eighth the specific activity of the glucose added. Since indole is an 8- 
carbon compound, this finding indicates that more than 1 carbon of the 
indole formed was derived from the labeled glucose. The mutant em- 
ployed in these experiments is incapable of synthesizing anthranilic acid 


TABLE 
Conversion of Anthranilic Acid to Indole by Cell Suspensions of Strain T-3 
Supplements Indole formed 
Without anthranilie acid 
With 30 y anthranilic acid 
1.8 
Glucose, 500 y (no NH2OH)..................... 0 


In addition to the supplements listed, each tube contained 0.2 ml. of a cell sus- 
pension of strain T-3 and 2umoles of NH,2OH in a final volume of 1ml. The tubes 
were incubated with shaking at 37° for 30 minutes. At the end of this period the 
indole formed was extracted with toluene and aliquots of the toluene layer were as- 
sayed colorimetrically (14). 


from glucose; therefore the labeled carbon must have been in the 2 (carbon 
2) and 3 (carbon 3) positions of the pyrrole ring of the isolated indole. 
Degradation of the isolated indole to anthranilic acid by the procedure 
described above resulted in loss of approximately half the indole counts. 
Since the remaining counts must be in the carboxyl carbon of anthranilic 
acid, the radioactivity of the isolated indole was undoubtedly equally 
distributed between carbons 2 and 3 of the pyrrole ring. That the re-| 
maining counts were in fact in the carboxyl group of anthranilic acid was 
demonstrated by converting the labeled anthranilic acid to indole with a 
cell suspension of strain T-3. The indole formed was unlabeled, indicat- 
ing that the counts were in the carboxyl carbon of anthranilic acid and 
that this carbon atom was removed during indole synthesis. 

In several experiments with glucose-1-C“ as the carbon source it was 
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found that carbon 2 of indole was derived primarily from C-1 of glucose. 
The specific activity of carbon 2 of indole ranged from 50 to 60 per cent 
of that of the C-1 of the glucose supplied. The specific activity of carbon 
3 of the indole isolated in these experiments was less than 1 per cent of 
that of C-1 of glucose. 

C-2 of glucose entered both carbons 2 and 3 of the pyrrole ring of indole, 
with most of the label appearing in carbon 3. C-1 (or C-3) of glycerol 
entered the same two positions in the pyrrole ring of indole; however, in 
this case carbon 2 of indole was predominantly labeled. 

C-6 of glucose did not enter either carbon 2 or carbon 3 of indole to an 
appreciable extent. 

In view of the results of experiments with extracts (12) in which it was 
found that various ribose derivatives served as carbon donors for indole 
synthesis from anthranilic acid, an isotope experiment was performed with 
similar extracts to determine which carbons of ribose are converted to 
carbons 2 and 3 of indole. Ribose-1-C'* was employed as the carbon donor 
in this experiment. The results obtained (see Table II) indicated that 
carbon 2 of indole was derived exclusively from C-1 of ribose and that 
this carbon atom of ribose did not enter carbon 3 of the pyrrole ring of 
indole. 

In other cell suspension experiments it was found that the addition of a 
mixture of unlabeled amino acids (acid-hydrolyzed casein supplemented 
with L-methionine) did not reduce the specific activity of the indole formed 
in a cell suspension experiment with uniformly labeled glucose. The 
latter experiment excludes free amino acids as possible carbon donors for 
indole synthesis from anthranilic acid. 


DISCUSSION 


The data presented in this paper indicate that the carboxyl carbon of 
anthranilic acid is removed and that 2 carbon atoms are added during 
the conversion of anthranilic acid to indole in E. coli. Somewhat differ- 
ent conclusions concerning indole synthesis in FE. coli have been arrived 
at by Bergmann ef al. (18) on the basis of inhibition analyses. These 
workers have interpreted their data as indicating that the carboxyl car- 
bon of anthranilic acid is not removed during indole formation. In view 
of the results of the isotope experiments reported here another explanation 
must be sought for the results of the inhibition analyses of Bergmann 
et al. (18). 

The isotope experiments reported in this paper were performed to deter- 
mine the origin of the 2 carbon atoms which are added to anthranilic 
acid during the synthesis of indole. The following information concern- 
ing the origin of these 2 carbon atoms is provided by the data obtained 
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in these experiments: (1) carbon 2 of indole is formed from C-1 and C-2 
of glucose, (2) carbon 3 of indole is formed from C-2 of glucose and prob- 
ably from C-3 of glucose (assuming that glycerol-1,3-C™ is equivalent to 
C-1,3,4,6-labeled glucose (19, 20)), (3) C-1 of ribose is converted to car- 
bon 2 of indole (by extracts). 

These results can be explained by assuming that there are two differ- 
ent pathways of formation of the donor of the 2 carbons which eventually 
become carbons 2 and 3 of the pyrrole ring of indole. This interpreta- 
tion is illustrated in Fig. 2. One pathway (A) provides C-1 and C-2 of 


Pathway A 
| | | 

glucose-I-C'* glucose-2-C# 
Pathway B 
& 
glucose-I-c'* glucose-2-C'* 


Fic. 2. Possible pathways of indole labeling. @ indicates carbon atoms which 
would be labeled. 


glucose as the 2 carbons which are incorporated into indole. The fact 
that carbon 2 of indole was derived primarily from C-1 of glucose in the 
cell suspension experiments indicates that, under the conditions employed, 
this was probably the major pathway. The second pathway (B) pro- 
vides C-2 and C-3 of glucose as the 2 carbons which are incorporated into 
indole. Since the latter pathway seems to be the minor one, it would be 
expected that the specific activity of carbon 3 of indole would be higher 
than that of carbon 2 of indole with glucose-2-C™ as the carbon source. 
With glycerol-1 ,3-C"™ as the carbon source the reverse would be expected, 
carbon 2 of indole should have the higher specific activity. The data 
summarized in Table II are consistent with both of these expectations. 

The isotopic data presented in this paper and the interpretation il- 
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lustrated in Fig. 2 are consistent with the view that a ribose derivative is 
the actual donor of the 2 carbon atoms which are added during the syn- 
thesis of indole. That the ribose derivative 5-phosphoribosylpyrophos- 
phate participates in the conversion of anthranilic acid to indole has been 
shown in experiments with extracts of F. coli (12). In addition, data 
obtained from isotopic competition studies also support the view that the 
2 carbon atoms in question are derived from ribose (see “Addendum” of 
Rafelson (21)). 

Assuming that 5-phosphoribosylpyrophosphate is the actual donor of 
the 2 carbon atoms, Pathway A would represent the formation of the ri- 
bose-5-phosphate moiety of this derivative by the reaction between fruc- 
tose-6-phosphate and 3-phosphoglyceraldehyde (22). The 1 and 2 posi- 
tions of the ribulose-5-phosphate formed by this reaction would be derived 
from C-l and C-2 of glucose, respectively. Pathway B could represent 
the formation of ribose-5-phosphate from glucose by the hexose mono- 
phosphate shunt mechanism (23). This sequence of reactions forms 
ribose-5-phosphate in which the 1 position is derived from C-2 of glucose. 
Thus, these two pathways of ribose-5-phosphate formation, if they were 
both operative under the experimental conditions employed, would satis- 
factorily account for all the isotopic data which were obtained. It is of 
interest, if the explanation offered is correct, that Pathway A seems to 
be the major pathway of ribose-5-phosphate formation. 


SUMMARY 


Isotope experiments were performed with extracts and cell suspensions 
of a tryptophan auxotroph of Escherichia coli in an attempt to identify 
the donor of the 2 carbon atoms added during the conversion of anthra- 
nilie acid to indole. It was found that carbon 2 (position 2) of the pyrrole 
ring of indole was derived from C-1 and C-2 of glucose and that carbon 3 
(position 3) of the pyrrole ring of indole was derived from C-2 and C-3 of 
glucose. It was also found that in extracts C-1 of ribose was converted 
to carbon 2 of indole. 

Two possible pathways of formation of the 2 carbon atoms added during 
the synthesis of indole are discussed. 


The author is indebted to Dr. L. O. Krampitz, Dr. G. D. Novelli, and 
in particular to Dr. H. Gest for many helpful suggestions. 
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IDENTIFICATION OF N-TERMINAL RESIDUES OF 
HYPOPHYSEAL GROWTH HORMONE BY THE 
PHENYLTHIOCARBAMYL METHOD 


By ANTHONY L. LEVY* axnp CHOH HAO LI 


(From the Hormone Research Laboratory and the Department of Biochemistry, 
University of California, Berkeley, California) 


(Reeeived for publication, March 4, 1955) 


The reaction of fluorodinitrobenzene (FDNB) with hypophyseal growth 
hormone has recently been investigated (1), and it was concluded that the 
hormone protein consists of two open peptide chains having phenylalanine 
and alanine as .V-terminal amino acid residues. This conclusion has now 
heen confirmed by the phenylthiocarbamy!l (PTC) method of Edman (2); 
the results of this study are described herein. 


EXPERIMENTAL 


204 mg. of growth hormone, isolated from anterior lobes of bovine 
pituitary glands by the procedure previously described (3, 4), were dis- 
solved in a solution composed of 1.9 ml. of HeO, 0.1 ml. of 3.5 Mm KCI, and 
2.0 ml. of pyridine. The solution was then placed in the reaction chamber 
of the Jacobsen-Léonis recording autotitrator (5) at 40°. When 0.1 ml. of 
phenyl isothiocyanate (Eastman Kodak Company) was added, the pH 
fell from 9.0 to 8.5 within | minute. The pH was maintained at 8.5 and 
the reaction was allowed to proceed with vigorous stirring for 50 minutes. 
At the end of that time, the reaction had proceeded practically to com- 
pletion, as indicated by the curve of alkali uptake plotted by the auto- 
titrator. 

The mixture was transferred to a 12 ml. centrifuge tube, and a few drops 
of 1.0 ~ NaOH were added to facilitate the extraction of the pyridine with 
peroxide-free ether (extracted five times, 10 ml. each). The pH was then 
lowered to 3.0 with 1.0 ~ HCl, causing the PTC derivative of the hormone 
to precipitate. The mixture was extracted continuously with ether over- 
night in a modified Soxhlet apparatus to bring the optical density of the 
emergent ether to a value below 0.100 at 265 my, as measured in a model 
DU Beckman spectrophotometer. It should be pointed out that this 
operation could not be carried out in alkaline solution owing to prohibitive 
emulsification. 

The mixture was then made to 1.0 m with respect to HCl by the addi- 
tion of 5 m HCl, and was kept for | hour in a boiling water bath to convert 


* Deceased, August 22, 1954. 
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the PTC-amino acid residues in the hormone protein into the phenyl. 
thiohydantoins (PTH). The PTH’s which formed were then extracted 
from the acid solution with three 10 ml. portions of isopropyl! ether;' the 
light absorption of the combined extract at 268 my gave a total optical 
density of 0.47. Thus, if we assume the molecular extinction coefficient 
of the PTC-amino acids to be 16,000 (6) and the molecular weight of growth 
hormone to be 45,000 (7), the concentration of phenylthiohydantoins jp 
the extract amounts to 0.47 & 30/16,000 « 45,000/20.4, which equals 
2.0 moles per mole of the hormone protein. An aliquot of the extract 
(10 ml.) was dried with anhydrous MgSO, and evaporated to dryness in 4 


ost 
O6} 
> 
° 
230 250 270 290 310 330 350 


Wove Length (my) 


Fic. 1. Ultraviolet absorption curve of the ether extract of the phenylthiohby. 
dantoins obtained from the reaction of phenyl isothiocyanate with 10.0 mg. of growth 
hormone. 


vacuum. The residue was dissolved in 0.1 ml. of acetone, and the solution 
was transferred to a 6 X 0.6 cm. section of glass tubing sealed at one end 
and evaporated to dryness over an infra-red lamp. This operation was 
repeated ten times to insure complete transfer to the hydrolysis tube. 
Finally, 0.1 ml. of glass-distilled constant boiling HCl was added to the 
tube, which was then sealed in a vacuum and kept at 150° for 16 hours. 
At the end of that time the tube was opened, and the acid was evaporated 
to dryness over phosphorus pentoxide and potassium hydroxide in a 
vacuum desiccator. The residue was dissolved in 0.1 ml. of water, and 
aliquots of 0.02 ml. were submitted to two-dimensional paper chromatog: 

1 Since the PTH’s of arginine and histidine are not extractable with ether, the 


aqueous phase was read at 268 mu. There was no absorption, indicating the absence 
of these PTH’s. 
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raphy (Whatman No. | paper) with the solvent system butanol-AcOH-H,O 
(4:1:5), followed by m-cresol-phenol (1:1) in a borate buffer of pH 9.3 
8). When the chromatogram was sprayed with ninhydrin solution, the 
presence Of alanine and phenylalanine was revealed. 


A 8 
AloPTH 


c 


Fic. 2. Paper chromatogram (Whatman No. 20) of the ether extract (B) of the 


| phenylthiohydantoins obtained from the reaction of phenyl isothiocyanate with 10.0 


mg. of growth hormone. Solvent system, heptane-HCOOH-n-BuOH (2:2:1). A, 
alanine PTH; C, phenylalanine PTH. 


Five additional experiments were carried out with two preparations of 
growth hormone, and the following molar ratios of the PTH’s of phenyl- 
alanine and alanine to the hormone protein were obtained: 2.0, 1.9, 1.7, 
2.1, 2.0, yielding an average value of 1.94. 

In another series of experiments, the quantitative yields of the PTH’s 
were directly estimated after their chromatographic separation on paper. 
10.0 mg. of growth hormone were allowed to react with phenyl isothiocy- 
anate as described above, and the PTH’s formed were extracted with ether 
(3X 3ml.). The extracts were combined, made up to 10.0 ml. with ether, 
and the ultraviolet absorption curve was obtained (Fig. 1). It may be 
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seen that at the absorption maximum (Amax. = 268 my) the ether extrae 
possesses an optical density of 0.76, which again indicates that 2 moles of 
PTH’s had formed per mole of the hormone protein. After evaporation of 
the ether, the residue was taken up with acetone and applied to Whatman 
No. 20 paper in the heptane-HCOOH-n-BuOH (2:2:1) solvent system de. 
scribed by Sjéquist (9). Two spots are clearly evident (Fig. 2), with R, 
values corresponding to the PTH’s of phenylalanine and alanine. The 
spots were marked under ultraviolet light, cut out, eluted with 5.0 ml, of 
ethanol, and read at 265 mu. The results show that the molar ratio of 
the phenylalanine PTH to the alanine PTH is very close to unity (Table I), 


TABLE I 


Quantitative Yields of Phenylthiohydantoins of Phenylalanine and Alanine 
Obtained from Reaction of Growth Hormone with Phenyl Isothiocyanate 


s ; Optical density at 265 my Phenylalanine PTH 

Phenylalanine PTH Alanine PTH 

0.242 0). 222 

| 0.285 | 0.256 1.11 


* In the control, 0.2 umole of each PTH was employed; in Experiments I and 
II, 10.0 mg. of growth hormone were used in each. 


DISCUSSION 


Of the procedures which have been proposed in recent years for the step- 
wise degradation of proteins and peptides, the phenylthiocarbamy] method 
of Edman (2) appears to be the most satisfactory. Moreover, as an ana- 
lytical technique for the identification of N-terminal residues, it possesses 
advantages (10, 11) over the well known procedure of Sanger (12). For 
example, in previous investigations (13, 14) on the N-terminal residues of 
a-corticotropin, the FDNB procedure yielded serine in the amount of only 
0.1 to 0.2 mole per mole of peptide hormone, whereas the PTC method 
afforded 0.85 mole per mole. A comparison of the present study with 
results of previous investigations on growth hormone by means of the 
FDNB procedure (1) illustrates further the difficulties of the latter tech- 
nique, particularly with respect to the corrections necessitated by the 
destruction of dinitrophenylamino acids during the acid hydrolysis of the 
dinitropheny] protein. In the earlier investigations (1, 15) in which the 
dinitropheny! procedure was employed, only 1.1 to 1.3 moles of N-terminal 
amino acid residues were obtained per mole of the hormone protein before 
corrections were made, although phenylalanine and alanine were none the 
less identified as the sole N-terminal amino acids in growth hormone. On 
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the other hand, the results reported here, obtained by the phenylthiocar- 
bamyl method, indicate without any correction that 1 mole of PTC hor- 
mone gives rise to 2.0 moles of phenylthiohydantoins. It should be pointed 
out that if cystine were to occur as the N-terminal residue in a two-chain 
protein molecule, the PTH of the half cystine formed would remain an- 
chored to the peptide chain. In such an unusual case, the phenylthiocar- 
bamyl method would not be applicable and the FDNB procedure would 
have to be employed. It is therefore always advisable to make use of 
both methods so as to establish securely the identity of the N-terminal 
residues. 

The elution of the spots from the paper chromatograms of the phenyl- 
thiohydantoins of the amino acids liberated from the PTC protein by 
hydrolysis with mild acid (1.0 m HCl) can be conveniently carried out and 
the quantitative yields can be determined by the optical density of the 
eluate at Amax. = 268 mu. By this procedure, it was determined that there 
is 1 mole each of the PTH of phenylalanine and alanine in 1 mole of growth 
hormone. The identification of these amino acids was further confirmed 
by hydrolysis of the phenylthiohydantoins with acid, followed by chro- 
matography of the resulting amino acids on filter paper. Hence, in con- 
firmation of the earlier results obtained by the FDNB method (1), it may 
be concluded that the growth hormone molecule possesses 2 N-terminal 
residues (phenylalanine and alanine). Furthermore, the presence of these 
terminal amino acids in a ratio of 1:1 per mole of the hormone suggests a 


high degree of purity. 
SUMMARY 


The reaction of hypophyseal growth hormone with phenyl] isothiocyanate 
has been investigated. 2 moles of phenylthiohydantoins were found and 
were identified as the phenylthiohydantoins of phenylalanine and alanine. 
Quantitative estimations indicated that the molar ratio of these two phenyl- 
thiohydantoins is very close to unity. Hence, it is concluded that the 
hormone protein possesses phenylalanine and alanine as N-terminal resi- 
dues. 


The authors wish to acknowledge the able assistance of Mr. David Chung 
in the course of this investigation. The work was supported in part by a 
grant from the American Cancer Society upon recommendation of the 
Committee on Growth of the National Research Council. 
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THE PREPARATION AND PROPERTIES OF A NEW GLYCER- 
ALDEHY DE-3-PHOSPHATE DEHYDROGENASE 
FROM PHOTOSYNTHETIC TISSUES* 


By LAWSON L. ROSENBERG anp DANIEL I. ARNONT 


(From the Department of Plant Nutrition, University of California, Berkeley, 
California) 


(Received for publication, March 18, 1955) 


The oxidation of glyceraldehyde-3-phosphate (GAP)! in green leaves (1), 
unlike that in seeds (2), muscle (3), and yeast (4), has been found to be 
catalyzed not by a single enzyme but by three separate enzymes. One of 
these enzymes, which is TPN-specific, represents a new species that cata- 
lyzes the oxidation of GAP without added phosphate or arsenate (1). The 
three GAP-oxidizing enzymes which are separable by virtue of their differ- 
ent behavior to ammonium sulfate fractionation, heat, and their stability 
to storage are as follows: (a) The new TPN-specific enzyme which cata- 
lyzes an irreversible oxidation-reduction according to Equation 1. This 
enzyme will be designated, tentatively, glyceraldehyde-3-phosphate-TPN 
reductase (GTR) to distinguish it from the glyceraldehyde phosphate de- 
hydrogenases of (b) and (c). (b) A TPN-dependent enzyme which, with 
the participation of phosphate, catalyzes a reversible oxidation-reduction 
according to Equation 2 or an irreversible oxidation with arsenate accord- 
ing to Equation 3. (c) The ‘classical’ GPD enzyme, which catalyzes 
reactions of Equations 2 and 3 with DPN rather than with TPN. 


(1) Glyceraldehyde-3-phosphate + TPN*t+ + H.0 — 
glyceric acid-3-phosphate + TPNH + H* 
(2) Glyceraldehyde-3-phosphate + inorganic phosphate + TPN*t — 
glyceric acid-1,3-diphosphate + TPNH + Ht 


* Presented before the Pacific Slope Biochemical Conference, American Associ- 
ation for the Advancement of Science, Berkeley, California, December, 1954. 

t Aided by a grant from the National Institutes of Health, United States Public 
Health Service. 

‘The following abbreviations are used: GPD, glyceraldehyde-3-phosphate de- 
hydrogenase; GTR, glyceraldehyde-3-phosphate-TPN reductase; DPN, DPN‘, di- 
phosphopyridine nucleotide, oxidized form; DPNH, reduced form; TPN, TPN?*, 
triphosphopyridine nucleotide, oxidized form; TPNH, reduced form; GAP, glycer- 
aldehyde-3-phosphate; PGA, glyceric acid-3-phosphate; FDP, fructose-1 ,6-diphos- 
phate; EDTA, ethylenediaminetetraacetic acid; Tris, tris(hydroxymethyl)amino 
methane. 
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(3) Glyceraldehyde-3-phosphate + TPN* > 


glyceric acid-3-phosphate + TPNH + H- 


Enzyme C, the ‘classical’? DPN-specifie enzyme, is easily collected from 
an aqueous extract of an acetone powder of sugar beet leaves as the ma- 
terial which precipitates when the ammonium sulfate concentration is in- 
creased from 70 to 90 per cent saturation at 0°. The TPN-dependent En- 
zyme B (Equations 2 and 3) is found in an aqueous extract of the same 
acetone powder which has been heated at 58° for 43 minutes. This pro- 
cedure destroys the new enzyme (Enzyme A, Equation 1). Hageman 
and Arnon (5) have shown that the formation of the TPN-linked Enzymes 
A and B is induced by the action of light and confined to the green parts 
of plants. In the newly formed seed the GPD reverts to DPN specificity 
(5). 

This paper describes a method of purification of Enzyme A (GTR), the 
new TPN-specific enzyme, and some of its properties. 


Methods 


Purification of Enzyme 


Preparation of Acetone Powders—Acetone powders of sugar beet leaves 
were prepared as follows: The center ribs were removed from washed, 
chilled, mature leaves which had been grown in the greenhouse, and the 
leaves were ground in the cold in a chilled Bennett juicer ;? EDTA to make 
a final concentration of 1.5 & 10-* mM was added to the juice and then, with 
stirring, 5 volumes of cold (—18°) acetone; the flocculated precipitate was 
collected with suction on a large Biichner funnel and washed on the filter 
paper with cold acetone. The precipitate, after drying overnight in the 
cold in vacuo over P2O;, was powdered in a mortar and designated ‘‘acetone 
powder.”’ The leaves were used in batches of 300 gm. each; the yield of 
powder was about 3 gm. per 100 gm. of leaves. The acetone powder when 
stored at — 18° exhibited no appreciable loss of activity over a period of at 
least 9 months. 

Extraction of Acetone Powder and Ammonium Sulfate Fractionation—All 
the procedures were carried out at 0°. 65 gm. of acetone powder were ex- 
tracted with 1300 ml. of 1.5 & 10-* m EDTA (I+ salt, pH 7.2), and the 
suspension was centrifuged. To 1240 ml. of supernatant fluid at pH 6.5 
were added slowly with hand stirring 403 gm. of solid ammonium sulfate 
to make the solution 55 per cent saturated, the precipitate was allowed to de- 
velop for 15 minutes, and the supernatant fluid collected by centrifugation 
for 5 minutes at 15,000 r.p.m. in a batch type rotor in the Spinco ultracen- 


2 Model B; The Bennett Corporation, 1028 Geary Street, San Francisco, Cali- 
fornia. 
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trifuge model L. (This high speed centrifugation is not essential, but pro- 
vides a convenient method for efficient handling of a large volume.) To 
the supernatant fluid were added slowly with hand stirring 86 gm. of solid 
ammonium sulfate to make the solution 65 per cent saturated; the precip- 
itate was allowed to form for 20 minutes and was collected in the Spinco 
centrifuge as above. Another lot of 65 gm. of acetone powder was treated 
in the same fashion, and the 55 to 65 per cent ammonium sulfate fractions 
were combined. 

Adsorption on and Elution from Alumina Cy and Calctum Phosphate Gel— 
All procedures were carried out at 0°. The combined 55 to 65 per cent 
ammonium sulfate fractions were dissolved in 650 ml. of 0.1 M K,SO,4. The 
active fraction was adsorbed on 91 ml. of alumina Cy (30 mg. per ml.) and 
eluted for 10 minutes with 520 ml. of 0.25 m K.SQO,, then with 80 ml., and 
finally with 25 ml. of the same salt solution. The combined eluate was 
diluted with 245 ml. of H2O to makethe solution 0.18 m with respect to K.SOx,. 
The active fraction was then adsorbed on 65 ml. of calcium phosphate gel 
(6) (20 mg. per ml.) for 10 minutes. The gel was collected and washed 
with 130 ml. of 0.18 Mm K.SQ,, and the enzyme was eluted first with 208 ml. 
and then with 30 ml. of 0.30 m K,SO,. The concentration of salt in the 
combined eluate was reduced to approximately 0.18 m by dialysis against 
4 liters of 0.15 mM K2SO,4, which was 1.5 10-* m with respect to EDTA 
salt at pH 7.2). The enzyme was readsorbed on 26 ml. of calcium phos- 
phate gel, reeluted with 130 ml. of 0.30 Mm K.SO,, and dialyzed against 4 
liters of 1.5 & 10°? m EDTA for 80 minutes. The dialysis was repeated 
three times. 


Activity Measurements 


The various fractions were assayed spectrophotometrically for GPD ac- 
tivity in a Beckman DU spectrophotometer by the optical test (4, 2) based 
on the increase in optical density at 340 my due to the formation of TPNH. 
Specific activity is expressed in arbitrary units as the change in optical 
density at 340 mu X 1000 per mg. of protein per 2 minutes, measured from 
the 2nd to the 4th minute after addition of substrate to the test system 
at pH 8.5. In routine assays fructose-1 ,6-diphosphate (FDP) (Mg salt, 
Schwarz Laboratories, Inc.) was used, and rabbit muscle aldolase from a 
preparation of crystalline enzyme (7) was added to cleave the FDP and to 
supply the GTR enzyme with GAP. In other experiments GAP was used 
directly as substrate. 

Aqueous solutions of GAP were prepared from the dioxane compound 
of pi-glyceraldehyde-1-bromide-3-phosphorie acid which decomposes im- 
mediately in H.O to give pi-glyceraldehyde-3-phosphate, dioxane, and 
HBr (8). The dioxane compound was a gift from Dr. E. Baer and Dr. D. 
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L. MeDonald. DPN and TPN were Sigma “90” products. CoA was 
from the Pabst Laboratories, and thioctic acid was kindly supplied by Dr, 
T. H. Jukes and Dr. L. J. Reed. 

Protein concentrations corrected for nucleic acid admixture were esti- 
mated by the spectrophotometric method of Warburg and Christian (4), 
The results obtained by this method were comparable to those given by 
the Folin reagent method of Lowry et al. (9). 

The molar concentrations of solutions of FDP, GAP, and DPN* were 
determined spectrophotometrically with crystalline rabbit muscle GPD 
and aldolase. TPN*+ was determined spectrophotometrically with glucose- 
6-phosphate and glucose-6-phosphate dehydrogenase (Zwischenferment). 


TABLE I 
Preparation of GTR from Green Leaves 
: Specifi Total , Purificati 
reaction activity® activityt ¥ield 
per cent 
Acetone powder extract.................... 75 956,000 100 1 
55-65% saturation (NH,)2SO, fraction...... 349 | 481,000 50 5 
Eluate, alumina Cy adsorption............. 1223 259 , 000 27 16 
Ist Ca phosphate adsorption. ..... 3260 78,000 8 43 


* Specific activity is expressed in arbitrary units of enzyme activity per mg. of 


protein (see the text). 
t Total activity is expressed as arbitrary units of enzyme activity per fraction. 


Results 
Pyridine Nucleotide Specificity 


Table I summarizes the purification procedure for the GTR enzyme and 
shows the activities and yields of some of the fractions in a representative 
preparation. An over-all purification of 84-fold was achieved. The en- 
zyme retained its activity essentially unchanged when stored at 0° for at 
least 1 month. 

Fig. 1, A demonstrates the oxidation of GAP by TPN* as catalyzed by 
the new purified enzyme in the absence of added inorganic phosphate and 
inhibition of the reaction caused by the addition of inorganic phosphate. 
No reaction was observed when DPN+ was substituted for TPN?* either 
with or without inorganic phosphate or arsenate. This would indicate 
that there was no transhydrogenase activity in the purified enzyme. Also, 
since under the conditions of our tests the enzyme does not oxidize DPNH, 
the specificity for TPN+ is real. Since the purified enzyme contained no 
aldolase or glucose-6-phosphate dehydrogenase (Zwischenferment) activ- 


it 
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ity, it is difficult to conceive, in terms of known reactions, that the GAP 
was converted to glucose-6-phosphate and that oxidation of this latter 
substrate accounts for the reduction of TPN*+. That the reduced coen- 
zyme is TPNH is demonstrated by the fact that it reduced the oxidized 
form of glutathione with the aid of the TPNH-specific glutathione reduc- 
tase (Table II; also (2, 10, 11)). The addition of alcohol dehydrogenase 
plus alcohol caused no reoxidation of the reduced coenzyme. Fig. 1, B 
contrasts the behavior of GTR with that of Enzyme B, the TPN-depend- 
ent ‘classical’? dehydrogenase of leaves. In the latter case the extent 


A | B 
56] 
S5+ 
a | 
f 
2 
MINUTES MINUTES 


Fic. 1. A, oxidation of GAP by TPN* as catalyzed by the GTR enzyme. The 
numbers above the curves indicate micromoles of inorganic phosphate added. The 
reaction mixtures each contained in a 3.0 ml. volume, 0.03 mg. of protein and the 
following, in micromoles, Tris, pH 8.5, 90; TPN*, 0.3; GAP, 0.25. Light path = 10 
mm. B, oxidation of GAP by TPN? as catalyzed by Enzyme B. The reaction mix- 
tures each contained in a 3.0 ml. volume, 0.2 mg. of enzyme protein and 0.1 mg. of 
crystalline aldolase and the following, in micromoles, Tris, 90, pH 8.5; neutralized 
cysteine, 9; TPN*t, 0.3; FDP, 10; NaF, 10. Light path = 10 mm. 


of the reaction is a direct function of the concentration of inorganic phos- 
phate. 


Effect of pH, GAP, and TPN* Concentration 


The variation of enzyme activity with pH was studied and found to be 
as shown in Fig. 2. The pH range for maximal activity is 8.3 to 8.6; the 
activity at pH 7.0 is about 25 per cent of the maximum. 

At pH 8.5 and 20° the concentrations of GAP and TPN?* required to 
give half maximal velocities were found to be 2.6 * 10-5 m (Fig. 3) and 
12 KX 10-5 m (Fig. 4), respectively. These values were calculated from 
measurements of initial velocities, the data being treated graphically ac- 
cording to the method of Lineweaver and Burk (12). When both sub- 


strate and coenzyme were present in concentrations sufficient to saturate 
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the enzyme, the initial velocities varied linearly with enzyme concentra- 
tion over the 6-fold range of enzyme concentration which was tested. 


Substrate Specificity 


The enzyme when used in concentrations that produced effective oxida- 
tion of GAP did not catalyze the reduction of TPN+ when any one of the 
following aldehydes was tested in concentrations up to 100 times those 
which gave measurable oxidation of GAP: formaldehyde, acetaldehyde, 


TABLE II 


Oxidation of GAP by GTR Coupled with Reduction of Pyruvate (Experiment 1) or 
Reduction of Oxidized Glutathione (GSSG) (Experiment II) 


Experiment No. Reaction time PGA formed Pyewvany a GSSG 

min. pmoles pmoles 

I 15 2.6 1.2 

42 (a) 6.1 5.0 

80 9.0 8.0 

120 (a) 12.6 12.2 

II 0 (b) 0 | 0 
120 (c) | 34.2 33 9 


Although no inorganic phosphate was added, analysis of the reaction mixtures 
showed the following quantities (in micromoles) present: (a) 4.7, (b) 5.1, (c) 9.3. The 
reaction mixture consisted of (Experiment I) 0.45 mg. of GTR enzyme, 0.2 mg. of 
lactic dehydrogenase, and the following, in micromoles: GAP 17.2, sodium pyruvate 
25, TPN* 0.5, Tris 320, pH 8.5, water to a total volume of 14.6 ml.; (Experiment II) 
0.34 mg. of GTR enzyme and the following, in micromoles: GAP 33, GSSG 45, TPN 
0.45, Tris 200, pH 8.5, water to a total volume of 9.25 ml. 


propionaldehyde, butyraldehyde, p-ribose, p-ribose-5-phosphate, DL- 
glyceraldehyde, glucose, glyoxal. 
Inhilitors 
Fig. 5 shows that the enzyme activity was inhibited by p-chloromer- 
curibenzoate. This inhibition was reversed by addition of cysteine. 
Iodoacetamide inhibited, but less effectively than p-chloromercuribenzo- 


ate. Inorganic phosphate (see Fig. 1), arsenate, and sulfate also inhib- 
ited. 


Oxidation of GAP 


The stoichiometry of the reaction was ascertained in two experiments 
with large amounts of substrate. In Experiment I TPN* was recycled by 
pyruvate and lactic dehydrogenase. The formation of glyceric acid-3- 
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phosphate (PGA) as the product of the reaction was determined by the 
stabilization of phosphate to heating for 3 hours in 1 N HCl at 100°. Phos- 
phate was estimated according to the method of Fiske and Subbarow (13). 
Pyruvate was determined by the method of Iu (14) as modified by Bueding 
and Wortis (15) and Elgart and Nelson (16). Table II shows the corre- 
spondence between stabilized phosphate and pyruvate which was reduced. 
No reaction occurred when the enzyme was omitted or when DPN*t was 
substituted for TPN*. 


06 T T T T 
‘ty 
5OF 
024 - 
oe 
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6.0 7.6 9.2 
pH I/S 
Fig. 2 Fic. 3 


Fic. 2. Enzyme activity as a function of pH. @ = Tris, O = HCO;, X = succi- 
nate; ionic strength = 0.026. In addition to the indicated buffer, each reaction mix- 
ture contained in a 3.0 ml. volume 0.018 mg. of protein and the following, in micro- 
moles, TPN*, 0.3; GAP, 0.26. 

Fic. 3. Oxidation of GAP by TPN*. V = Aso per minute, S = micromoles of 
GAP per 3.0 ml. In addition to the appropriate amount of GAP and enzyme the 
reaction mixtures each contained in a 3.0 ml. volume the following, in micromoles, 
Tris, pH 8.5, 90; TPN*, 0.3. ©, 0.0135 mg. of enzyme protein; @, 0.0270 mg. of en- 
zyme protein. 


In Experiment II advantage was taken of the fact that the purified en- 
zyme preparation had a high glutathione reductase activity (2, 10, 11). 
This ‘built in’? enzyme was used to recycle the TPN+. Reduced gluta- 
thione was estimated by the method of Grunert and Phillips (17). The 
results are shown in Table II. 

The identity of the oxidation product of GAP was definitely established 
as PGA in Experiment II. At the end of the experiment the reaction mix- 
ture was heated at 100° for 3 hours in 1 n HCl to hydrolyze the t-GAP 
and any of the unchanged p isomer; magnesia mixture was added to re- 
move inorganic phosphate, and barium precipitation was carried out es- 
sentially according to the method of Meyerhof and Junowicz-Kocholaty 
(18). The barium precipitate was dissolved in HCl, barium removed with 
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H.SO,, the solution brought to pH 7, and the product identified as PGA m 
by paper chromatography, according to the method of Cowgill (19). ra 

Occurrence of GAP-Oxidizing Enzymes in Chloroplasts and Cytoplasm | th 

In previous publications from this laboratory (11, 20), it has been re. : 

ported that the GPD activity was localized in the cytoplasmic fluid of the : 
leaf. In those experiments the chloroplasts were prepared in dilute buffer 
or water (21) and consisted of chloroplast fragments. In the current ex- - 
D 
+ CYSTEINE 
wer CMB - 
95x/0°°M 
02 
MINUTES 
Fig. 4 Fig. 5 

Fic. 4. Oxidation of GAP by TPN*. V = Asao per minute, S = micromoles of | et 
TPN+ per 3.0 ml. In addition to the appropriate amount of TPN* and 0.0135 mg. cl 
of enzyme protein, the reaction mixtures each contained in a 3.0 ml. volume the 21 
following, in micromoles, Tris, pH 8.5, 90; GAP, 0.37. 

Fig. 5. Inhibition of oxidation of GAP by p-chloromercuribenzoate (PCMB) and m 
reversal of the inhibition by cysteine. Each reaction mixture contained in a 3.0 ml. é 
volume 0.0135 mg. of protein and the following, in micromoles, Tris, pH 8.5, 90; ti 
TPN?*, 0.3; GAP, 0.28. The molar concentration of PCMB is indicated for each | 
curve. 5 yumoles of cysteine were added at the time indicated by the arrow. Light 
path = 10 mm. tl 
periments in this laboratory a distinction is made between chloroplast P 
fragments and whole chloroplasts. Whole chloroplasts are separated from a 
cytoplasmic fluid by grinding the leaves in NaCl solution or sucrose (22). P 
Activity measurements on preparations from spinach leaves indicate that g 
the three GAP-oxidizing enzymes occur both in the whole chloroplasts and P 
the cytoplasm. Table IIT presents evidence that when whole chloroplasts ti 
are washed with water the two TPN-dependent enzymes are extracted by 7 
a single washing into the aqueous phase. A second washing extracted no h 
more of these enzymes. The DPN-specific Enzyme C is also extractable ¢ 
by water in the same manner. In this case, however, it is difficult to ob- P 
tain quantitative measurements of activity by the spectrophotometric n 


PGA 


method used for determining the rate of DPN reduction. 
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rations contained an enzyme which oxidized DPNH. 
The total activity of GTR in §: is an order of magnitude greater than 
that found in whole chloroplasts isolated from the same quantity of broken 


leaves. 


all particles from the leaf macerate. 
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The leaf prepa- 


(S. is the clear supernatant fraction obtained on removing 
After removing whole chloroplasts 


by low speed centrifugation, the clear supernatant liquid was prepared by 
centrifuging the suspension for 12 minutes at 80,000 x g.) If the chloro- 


TaB_Le III 
Distribution of GPD Enzymes between Chloroplasts and Cytoplasm of Spinach Leaf 
Water extract of whole chloroplasts | Leaf macerate (S:)* 
GPD enzyme Experiment No. 
Total activity Activity per mg Total activity Activity per mg 
(100 gm. leaves) chlorophyllt _ (100 gm. leaves) chlorophyllt _ 
A 109 - 9,900 323 
111 8,100 230 140 ,000f 8 ,900f 
112 10,900 340 112,000 11,700 
B 109 64 ,000 2100 
111 67 ,000 1850 120 ,O0Of 7, 600f 
112 58 , 700 1840 174,000 18,100 


The units for activity are arbitrary enzyme units (as described in the text). 1 
enzyme unit is that amount of enzyme in the test system at pH 8.5 which causes a 
change in the optical density at 340 my of 0.001 in the 2 minute period between the 
2nd and 4th minute following the addition of the substrate to start the reaction. 

*S. is the clear supernatant fluid obtained on removing all particles from the leaf 
macerate (see the text). 

t Activity computed on the basis of chlorophyll contained originally in the frac- 
tion from which the clear sample was prepared. 

t The value could be in error by 25 per cent; 7.e., the limits of uncertainty for the 
total volume in this preparation. The mean of values for total activity in S2 from 
three other experiments was, for Enzyme A, 129,000; for Enzyme B, 125,000. 


phyll content of the suspension, after removal of whole chloroplasts, is used 
as an index of the extent of breakage of chloroplasts during the preparative 
procedure, a computation reveals that the very high GTR activity of 8. 
greatly exceeds the maximal possible contribution from broken chloro- 
plasts (Table III). The possibility still remains, however, that in the in- 
tact cell the activity of GTR in chloroplasts is higher than that shown in 
Table III, but that in their isolation a loss of GTR to the cytoplasmic fluid 
has occurred. Conversely, it is unlikely that the activity found in whole 
chloroplasts has resulted from contamination by the cytoplasm. The 
preparation of whole chloroplasts involved their separation from the leaf 
macerate by centrifugation, followed by two successive washings in NaCl 
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solution (22). This procedure should have sufficed to reduce simple con- 
tamination from the cytoplasm by a factor of about 2000. 

It has been shown’* that whole chloroplasts lose the capacity to fix CO, 
after washing with H.O. The present findings suggest that this loss of 
function may be related, in part at least, to a loss of water-soluble enzymes, 
It may be especially significant that Enzyme B (TPN- and phosphate-de- 
pendent) of the leaf GPD complex is readily extracted by water from whole 
chloroplasts. The amount of activity thus extracted represents an ap- 
preciable proportion of that found in &. (Table III). The identification, 
now in progress, of the water-extractable components of whole chloroplasts 
and their correlation with the loss of the capacity for COs fixation 
by chloroplasts may provide important clues to the identity of some of the 
enzymatic apparatus involved in photosynthesis. 


DISCUSSION 


We have represented the reaction catalyzed by the new GAP-oxidizing 
enzyme by Equation 1. This reaction, analogous to the well known ir. 
reversible reaction in the presence of arsenate catalyzed by the DPN-de- 
pendent yeast and muscle GPD and the TPN-dependent GPD (Enzyme 
B), would result in loss of energy of oxidation of the triose phosphate. It 
is interesting to speculate that the oxidation catalyzed by GTR proceeds 
as represented in Equation 1 only in the absence of a natural phospho- 
glyceryl acceptor. This acceptor which should conserve oxidation energy 
as “configurational” energy cannot be inorganic phosphate, as it is in the 
reaction catalyzed by the ‘‘classical” GPD. Our reasons for believing this 
are as follows: 

1. The oxidation of GAP as catalyzed by GTR proceeds to completion 
when no inorganic phosphate is added to the system and when the amount 
of inorganic phosphate present as contamination is small compared with 
the amount of GAP oxidized. Table II shows 34 umoles of GAP oxidized 
in the presence of only 5 to 9 wmoles of inorganic phosphate. 

2. The same equilibrium mixture of GAP, DPN*, 1 ,3-diphosphoglycer- 
ate, and DPNH is attained whether or not GTR is added to a system con- 
taining GAP, DPN*, and crystalline muscle GPD. This indicates that 
the leaf enzyme contains no active phosphatase which can hydrolyze 1 ,3- 
diphosphoglycerate to inorganic phosphate and PGA and hence recycle 
the small amount of inorganic phosphate for oxidation of large amounts 
of GAP. 

3. Inorganic phosphate inhibits the oxidation of GAP by GTR. 

The intervention of a sulfhydryl acceptor could provide the system with 
an energy-conserving mechanism as a substitute for the phosphate-trans- 


3 Arnon, D. I., Allen, M. B., and Whatley, F. R., manuscript in preparation. 
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ferring system (phosphoglyceryl kinase + adenosine diphosphate) of the 
classical GPD. However, we have been unable to alter the activity of 
either the purified enzyme or of the whole acetone powder extract by the 
addition of CoA or thioetic acid. 


SUMMARY 


A new glyceraldehyde-3-phosphate-oxidizing enzyme from green leaves 
has been purified 84-fold and some of its properties described. This en- 
zyme catalyzes a TPN-specific oxidation of glyceraldehyde-3-phosphate 
to 3-phosphoglycerate without the intervention of inorganic phosphate or 
arsenate. The enzyme is inhibited by inorganic phosphate, arsenate, p- 
chloromercuribenzoate, and iodoacetamide. Since this enzyme occurs only 
in the green tissues of plants, it may play a réle in photosynthetic events. 
In spinach leaves the glyceraldehyde-3-phosphate-oxidizing enzymes are 
found both in isolated whole chloroplasts and in the cytoplasm. The en- 
zymes are readily extracted from whole chloroplasts by water. 
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THE REACTION OF TOBACCO MOSAIC VIRUS 
WITH IODINE* 


By HEINZ FRAENKEL-CONRAT 
(From the Virus Laboratory, University of California, Berkeley, California) 


(Received for publication, April 4, 1955) 


The action of iodine on proteins has generally been regarded as producing 
two main effects: (1) the oxidation of any —SH groups to disulfide bonds, 
and (2) the substitution of ring hydrogen atoms of tyrosine and histidine 
residues. It has been noted, however, that in certain instances, notably 
tobacco mosaic virus (TMV) and serum albumin (1, 2), 2 to 3 atoms of 
iodine are rapidly consumed by each —SH group, although only 1 would 
be needed for oxidation to the disulfide. This is indicative of a two-step 
oxidation, or a substitution reaction. Since aliphatic sulfenic acids or sul- 
fenyl iodides, the products of such reactions, are notoriously unstable, this 
interpretation has been usually rejected. It now appears that sulfenyl 
iodide groups are actually produced and are stable in native TMV. This 
finding indicates that the presumably steric stabilization of the masked 
protein —SH group can be transferred to derivatives of this group. 


EXPERIMENTAL 


Reaction Conditions—lodination was generally performed in 0.05 m phos- 
phate buffer (pH 6.8) at room temperature or at 0°, by adding 0.01 to 0.05 
N iodine solutions in a 10- to 50-fold concentration of potassium iodide (1). 
With less iodide, or with alcoholic iodine solutions, no unequivocal results 
were obtained. The amount of iodine used ranged from equivalence to 
10-fold excess over the —SH groups of the protein. To terminate the re- 
action, unchanged iodine was titrated with 0.004 n thiosulfate. The pro- 
tein was freed from iodide ions by long dialysis. In the case of TMV, 
repeated ultracentrifugal separations, ammonium sulfate precipitations, 
and dialysis were used to remove the last traces of iodide. When I was 
employed, radioactive iodide was removed by repeated displacement with 
chloride in the course of dialysis or ultracentrifugal separation. Ordinary 
iodide was also often used to wash out radioactive iodide ions. 

Analytical Characterization of Products—The —SH content of proteins 
was determined by titration with N-ethyl maleimide after denaturation 
with guanidine salts, with nitroprusside as indicator (3). Similar results 
were obtained with guanidine bromide containing sodium carbonate and 
Versene (4), and also with acid-buffered guanidine chloride, followed by an 


* Aided by a grant from The National Foundation for Infantile Paralysis. 
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alkaline buffer prior to addition of nitroprusside and titration (3); Versene 
was substituted for cyanide also in the latter test (5). 

An additional —SH test often used was based on the spectrophotometric 
observation of the mercaptide formation upon addition of p-chloromer- 
curibenzoate (6). This test was usually performed in 1 per cent sodium 
dodecyl] sulfate (SDS) at pH 5 (0.1 to 0.2 mM acetate) or at pH 7. The molar 
absorption increment (Aey) due to mercaptide formation as measured at 
pH 5 with cysteine or glutathione in 1 per cent SDS at 255 my was 7.8 x 
10’, while, in the absence of SDS, Boyer’s value of 6.2 K 10* was corrobo- 
rated. Several hours were needed for the maximal increment to be reached 
in SDS, and calculations were based on the final readings, stable in the 
presence of an excess of at least 0.02 umole of p-chloromercuribenzoate per 
ml. The interpretation of these assays was ambiguous when iodide was 
present or was liberated from the protein during the test, since this ion 
caused slightly greater spectral changes with the mercuribenzoate than an 
equivalent amount of —SH groups. 

For cystine determinations, the proteins were hydrolyzed in evacuated 
(16 mm. of Hg) sealed tubes with redistilled 5.7 ~ hydrochloric acid for 
10 hours at 105°. The hydrolysates were neutralized and analyzed accord- 
ing to Sullivan and Hess (7). 

The amino N of proteins was determined by the ninhydrin procedure 
(5, 8). When I" was used, the extent of iodination was determined on 
solutions in a well type scintillation counter. Analyses for I'*? were per- 
formed by Mr. Tashinian of the Department of Chemistry. 


Results 


Reaction with Iodine—When a series of proteins containing —SH groups 
was treated at pH 6.8 with an amount of iodine equivalent to their —SH 
content, some consumed the iodine instantaneously, even at 0°, while other 
reaction mixtures became colorless only after a few minutes at 0° or at 
room temperature. A 2nd equivalent was usually used up at a somewhat 
slower rate. When appreciably more iodine was added, most proteins 
continued to react with it without reaching a definite end-point. TMV 
represented an exception, in that this nucleoprotein consumed in 10 to 15 
minutes at room temperature about 2 equivalents of iodine but additional 
amounts at an almost negligible rate (about one-twentieth of that of the 
first reaction). The nitroprusside test in guanidine solution remained 
faintly positive until 2 atoms of iodine had reacted. 

The apparent reaction of 2 atoms of iodine with one —SH group in the 
ease of TMV (2.1 per 20 mg., z.e., 0.9 —SH group, is the extrapolated value) 
led to a search for a sulfenic acid or sulfenyl iodide group in the reaction 
product. The virus pellet, even after extensive purification, was yellow, 
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which is a characteristic of sulfenyl iodides (9). Iodine analyses indicated 
that of the first 1 to 2 atoms of iodine added to TMV approximately one- 
half remained bound by the protein. The end-product of the first reaction 
(see above) contained from 0.75 to 0.95 per cent of iodine, while control 
virus treated with iodide alone retained only negligible amounts (about 
one-tenth as much) after the same purification. Results with I con- 
firmed these observations. Of the first 1 to 10 iodine atoms added to the 
virus no more than 2 reacted at an appreciable rate, and almost half of 
this amount was bound by the virus (Table I). There appeared to be no 
doubt that the first reaction, in the case of TMV, was a substitution and 
that the —-SH group was involved in the reaction. All other —SH_ pro- 
teins bound only an insignificant fraction of the Ist iodine atom (I'*!) 
added, indicating that oxidation to the disulfide was the predominating 
reaction in these cases. 

When TMV was treated at pH 6.8 with iodine either in alcoholic solution 
or dissolved with a minimum of potassium iodide, more iodine was rapidly 
bound, indicating a lesser differential in the reaction rates of the —SH and 
phenolic groups under these conditions. The same was the case at a higher 
pH. 

Mode of Fixation of Todine—Results discussed in the previous section 
appear to permit only one conclusion: The reaction of the —SH group of 
TMV with iodine is one of substitution and yields a sulfenyl iodide group 
(—SH + I. —SI + HI). Since aliphatic sulfeny] iodides are known to 
be extremely reactive (9, 10), the masked state of the original —-SH group 
must be invoked as an explanation for the survival of this group in the virus. 
In this case, denaturation which unmasks the —-SH group should also re- 
store to the sulfenyl iodide group its ‘“‘normal”’ reactivity. One of the re- 
actions of sulfenyl iodides is that with mercaptans to yield disulfides. 
Accordingly, iodo TMV! was treated with known amounts (1.5 to 10 equiv- 
alents) of cysteine or glutathione, followed by a denaturant. In agreement 
with expectation, about 1 equivalent of the added thiol disappeared for 
each original —-SH group during this reaction (Formula I). In control 


denaturation 


(I) TMV—SI + HS—CH,.—CH(NH:.)—COOH 


TMV—S—S—CH.— CH(NH.)—COOH + HI 


experiments with TMV, on the other hand, the expected —SH titer for the 
sum of the protein and the added thiol was generally approximated. When 
the protein was precipitated from such reaction mixtures, the supernatant 
solutions from TMV contained almost all of the added —SH compound, 


' This abbreviation will be used for the purified reaction product of iodine with 
TMV, showing a sulfur-iodine molar ratio of about 1. 
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TABLE I 


Extent of Substitution and Stability of Bound Iodine in Proteins Treated 
with Small Amounts of Iodine 


Protein 


TMV 


TMV protein Prep- 
aration A 

TMV protein Prep- 
aration B 


Turnip yellow mo- 
saic virus 
Tomato bushy stunt 


virus 
Ovalbumin 


Mercaptalbumin 


8-Lactoglobulin 


Papain 


Insulin 


Reaction * 
Iodine atoms SDS 
used per _ SH Substitution stability 
pH Rate 
Cc. per centt per cent} 
1 6.8 | Room | Fast 78 (6) 9 (3) 
2 6.8 - Slow 80 (8) 8 (4) 
2.3 6.8 95 
4.6 (2.5)*| 6.8 “4 100 
1 5 0§ 
2 5 0.2 
1 10 0 Fast 71§ 
2 9.3 0 - 49 73 
2.9] 6.8 | Room | Slow 78 90 
1.3 6.8 + Fast 0.4 
2.9 6.8 35 Very slow 16 100 
5.0 6.8 18 93 
1 6.8 - Fast 5 
1 6.8 0.5 (2) 
2 6.8 mas Slow 0.9 (2) 
1 6.8 0 Instantane-| 10 
ous 
5 6.8 0 Slow 24 
1 10 0 Instantane- 8 87 
ous 
19 6.8 0 Slow 0.5 
24 6.8 0 0.8 
29 10 0 Instantane-| 12 92 
ous 
1 6.8 0 a 0.3 
2 6.8 0 Slow 6 91 
19 6.8 0 Instantane-!| 13 93 
ous 
29 6.8 0 Slow 25 90 
2.5|| 6.8 0 Instantane-| 92 
ous 
12.5|| 6.8 0 Slow 71 100 


* Added iodine (I'*') was used up in 1 to 2 hours except when TMV was treated 
with 4.6 equivalents, in which case 2.1 equivalents were titrated after 1 hour at room 
The rate of discharge of the iodine color is indicated by the 
words slow (10 minutes or more), fast, instantaneous. 


temperature (20-23°). 


| 
| 
| 
| 
| 
| 
| 
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| 
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| 
| 
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TaBLE I—Concluded 


t Calculated as per cent of maximum, had all the added iodine reacted by sub- 
stitution and none by oxidation (7.e., half of that added would be bound). The 
figures in parentheses indicate the number of experiments averaged. 

t Calculated as per cent of the originally bound iodine retained by the protein 
after treatment with 1 per cent sodium dodecyl! sulfate (SDS) at 40° and pH 7 for 
24 hours, followed by exhaustive dialysis. 

§ TMV treated with iodine at pH 5 and pH 9 to 10 was largely insoluble and re- 
tained much iodine by occlusion. When redissolved with alkali and ultracentri- 
fuged, protein fractions were ob ained in poor yield, which contained the indicated 
amounts of iodine. 

| This protein contains no —SH groups. The extent of reaction is expressed in 
terms of the sulfur atom or subunit weight, respectively. 

{ The —SH content of papain and serum albumin appears to be variable and 
more difficult to determine accurately than that of the other proteins listed. Thus 
the I to SH ratio is more in doubt. 


TABLE II 
—SH Groups and Thiol-Binding Capacity of Iodo TMV and TMV* 


peq. per 20 mg. air-dry 


Conditions of denaturation and test lodo TMV TMV 

Guanidine, HBr (pH 11); NV-ethyl male- 

Guanidine, HC] (pH 4.8); N-ethyl male- 

SDS (pH 5.0);{ p-chloromercuribenzo- 

SDS (pH 5.0); guanidine, HBr (pH 

11); N-ethyl maleimide.............. 0.00 0.85 0.78 0.00 


* Averages of two to seven analyses, agreeing, except for isolated cases, within 
10 per cent. The added thiol was cysteine or glutathione, usually 2 to 5 weq. per 
ml. of a 2 per cent virus solution. 

t Tsao and Bailey (3). 

t Denaturation (i.e. clearing) by 1 per cent SDS at pH 5.0 required several days 
at room temperature or 1 to 2 hours at 40°, followed by standing at room tempera- 
ture for 16 hours. The reaction mixtures contained 0.002 m Versene. Aliquots 
(about 1.5 to 2 mg. of virus) were diluted with the same solvent mixture to 4 ml. for 
the spectrophotometric p-chloromercuribenzoate reaction, while other aliquots (5 
to 15 mg. of protein) were treated with twice the volume of the guanidine solution 
prior to titration with V-ethvl maleimide. 

§ Bover (6). 

| Spurious analysis, due to liberated iodide reacting with p-chloromercuribenzo- 
ate (average of fourteen analyses ranging from 1.2 to 1.6). 
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while in those from iodo TMV there was a deficit of about 1 equivalent. 
These experiments were performed with various combinations of denatur- 
ants and —SH tests, as illustrated by a few examples in Table IT. 

It appeared important to prove the actual incorporation of added cys- 
teine by disulfide linkage to the protein. To this end, the denatured pro- 
tein was isolated and analyzed for cystine after hydrolysis. Considerable 
variations were observed in the cystine content of TMV, depending upon 
the technique of preparation of the sample. After precipitation of the 
virus protein from guanidine solution with water, the hydrolysates were 
almost colorless and the cystine content was, within the expected range, 
0.65 to 0.8 per cent. In contrast, nucleoprotein preparations obtained 


III 
Amino N of Nucleoprotein Isolated after Dialysis* 


Amino N of 
After treatment with 

lodo TMVt TMVt 

per cent per cent 

No cysteine, SDS, pH 5....................... 0.117 0.127 
0.120 0.134 


*The analyses (8) are averages of about ten experiments at pH 5, and three ex. 
periments at pH 7. The range of most of the averaged values was +0.005 per cent 


NH2-N. 

t It must be noted that these analyses were performed with the denatured and 
dialyzed reaction products; thus iodo TMV signifies the preparation derived from 
iodo TMV, but retaining at this stage only traces of iodine. 


after SDS treatment and dialysis and hydrolyzed by the same technique 
(in sealed evacuated tubes at 105° for 10 hours) gave dark hydrolysates, of 
low and variable cystine content (0.35 to 0.5 per cent). No better results 
were obtained after hydrolysis in the presence of titanous chloride (11). 

When iodo TMV was analyzed in the same manner, this preparation 
yielded similar cystine values, t.e. about 0.65 and 0.4 per cent, depending 
on the technique of preparation. However, samples treated with cysteine 
in the presence of guanidine salts or SDS yielded cystine values which were 
usually about 30 per cent higher than the corresponding control prepar- 
ations. Thus the postulated reaction mechanism (Formula I) appears 
qualitatively established. 

Further evidence for the incorporation of half cystine residues came from 
amino N analyses of the same preparations. As expected, those derived 
from iodo TMV denatured in the presence of cysteine or glutathione were 


it 
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definitely and consistently higher than the controls (Table III). However, 
this effect was never as great as that expected, 7.e. 50 per cent increase in 
amino N, nor did the cystine analyses referred to above indicate quantita- 
tive reaction. Disulfide exchange between the substituted protein and the 
excess cysteine in the reaction mixture to yield protein disulfide dimer and 
free cystine would supply an explanation for the observed deficits in bound 
half cystine and amino groups. <A few preliminary analyses for cystine 
in the presence of cysteine have indicated that iodo TMV actually stimu- 
lated such an over-all oxidation under certain conditions. 

Denaturation caused the loss of much of the bound iodine (or I'*') also 
in the absence of —SH compounds (Table I). In this case, hydrolysis 
followed by dismutation of the sulfenic acid, or more probably condensation 
with nitrogenous groups of the protein, might be involved. The lowered 
amino N of the protein isolated after denaturation from iodo TMV, as 
contrasted with the protein from TMV, appears to support this hypothesis 
(Table II1). However, added lysine was not fixed through a sulfenyl 
amide linkage to the protein during the denaturation of iodo TMV, as 
judged by the amino N of the dialyzed preparation. The nature of the 
degradation product of the sulfenyl iodide group formed during denatur- 
ation thus remains obscure. The fact that it reverts to cystine during 
hydrolysis appears significant. It must also be noted that some capacity 
to bind or oxidize cysteine is retained by the product for several hours under 
the conditions of denaturation. 

In contrast to its lability upon denaturation, the sulfenyl iodide group 
of the undenatured iodo TMV appeared quite unchanged after several 
weeks storage in the refrigerator, and its I'** content was not appreciably 
diminished during prolonged washing and equilibration with KI’. 

Proteins other than TMV bound an appreciable fraction of the added 
iodine only upon treatment with amounts in excess of those equivalent to 
their —SH groups; all iodine was bound in such a manner that it was not 
released by denaturation. This conforms with the expected stability of 
iodopheny! residues (Table I). 

The results obtained with two protein preparations derived from TMV 
were of particular interest. A low molecular weight preparation which was 
obtained from the virus by treatment with detergent (12) and which had 
lost its —-SH groups, presumably through autoxidation in the course of 
isolation (Preparation A), resembled other sulfhydryl-free proteins, e.g. 
insulin. This protein bound close to one-half of the added iodine, although 
slowly, and none was released by denaturation. Thus all of the iodine 
was presumably present as diiodotyrosine. 

In contrast, a sulfhydryl-containing protein (Preparation B), obtained 
by ammonium sulfate precipitation after treatment with carbonate-bicar- 
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bonate buffer at pH 10.5 and 3° for 48 hours, reacted even more slowly 
with iodine and bound none of the 1st and only a small fraction of the next 
2 to 4 atoms of added iodine. The part that was bound was stable to de- 
naturation. The smallest amount of iodine added sufficed to abolish the 
—SH group. It thus appears that the —SH group of this protein fraction 
from TMV is not sufficiently masked to form a stable sulfeny! iodide group. 


DISCUSSION 


It has been observed that, under certain conditions, iodine transforms 
the —SH groups of TMV not to disulfide but to sulfenyl iodide groups. 
This reaction can be more readily envisaged than oxidation to disulfide 
bridges when one is dealing with a macromolecule composed of a fixed 
arrangement of subunits, each containing a single —SH group. Also, the 
retention of biological activity (1)? of such an oxidation product appears 
less surprising than it would be for a structure with artificial disulfide cross- 
links. On the other hand, it must be recognized that aliphatic sulfeny] 
iodides are generally regarded as too unstable* to represent final reaction 
products. That they play such a réle in the case of TMV may be an indi- 
cation of an as yet unrecognized ability or function of proteins. Proteins, 
apparently, can protect and preserve normally unstable reaction interme- 
diates within their hydrogen-bonded lattice structure. Indications have 
been obtained that this is possible also with a simpler protein and with a 
reactive group unrelated to sulfeny! iodide. 

A survey of a number of —SH-containing proteins, including other vi- 
ruses, did not yield another case in which a stoichiometric amount of a 
stable sulfenyl iodide group was formed. In all of these proteins, only 
about 1 atom of iodine was needed to abolish the —SH groups,‘ and none 
or little (less than one-quarter) of the added iodine was bound under these 
conditions. The iodine which was bound by these proteins was not dis- 
lodged by denaturation and thus appeared to be situated on phenol or 
imidazole rings. 

The present findings may have general significance beyond the demon- 
stration that proteins may stabilize and preserve highly reactive interme- 
diates which may well play a réle in enzymatic reactions. The observed 
formation of sulfeny] iodide groups under the influence of iodine suggests 


2 The retention of viral activity by iodo TMV was confirmed in the course of the 
present study. 

3 The only aliphatic sulfenyl iodide that has been prepared (9), derived from terti- 
ary butyl mercaptan, decomposed slowly in ether solution in the cold and could not 
be isolated in analytically pure state. 

+ In the case of mercaptalbumin, these results are contrary to expectation, based 
on the findings of others (2) under somewhat different conditions. No appreciable 
dimerization occurred (personal communication of Dr. H. K. Schachman), and no 
satisfactory interpretation of the data appears possible at this time. 
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a more general hypothesis for the mechanism of oxidation of —SH groups, 
even in cases in which the disulfide group is the only reaction end-product. 
Thus a formulation based on the assumption of two consecutive bimolecular 
reactions, rather than one termolecular reaction, appears now preferable 
(Formulas II, a and b compared to Formulas III, a and b), even though 
the reactive intermediate can in most instances not be demonstrated. 


+ R’SH 


(II,a) R—SH + I, ~ R—SI + HI * R—S—S—R’ + 2HI 
R-—SH + 40, — R—SOH R—S—S—R’ + H.O 
(III, a) R—SH + R’—SH + I; ~ R-—S-—S—R’ + 2HI 

(III, 6) R—SH + R’—SH + 40; — R—S—S—R’ + H.O 


Similar ideas have previously been expressed and discussed (13, 14), but 
this appears to be the first instance in which the sulfenic acid stage of oxi- 
dation has been experimentally demonstrated. 


SUMMARY 


1. Treatment of tobacco mosaic virus with iodine at neutrality trans- 
forms the sulfhydryl to a stable sulfenyl iodide group. 

2. Upon denaturation of the nucleoprotein, the sulfenyl iodide group 
acquires its typical reactivity and instability. 

3. The —SH groups of other proteins are predominantly oxidized to 
disulfide groups under the same conditions. 

4. Various implications of these findings are discussed. 
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RESPIRATORY ENZYMES IN OXIDATIVE 
PHOSPHORYLATION 


I. KINETICS OF OXYGEN UTILIZATION* 


By BRITTON CHANCE anv G. R. WILLIAMS 


(From the Johnson Research Foundation, University of Pennsylvania, 
Philadelphia, Pennsylvania) 


(Received for publication, January 12, 1955) 


In the course of spectrophotometric studies of the kinetics and nature of 
the respiratory enzyme systems involved in oxidative phosphorylation (1) 
it has been essential to assay simultaneously the changes of respiratory 
rate caused by the presence and absence of phosphate acceptor. A vi- 
brating platinum electrode inserted in the optical cuvette exhibits the 
necessary accuracy and speed of response. It is found that the initiation 
and cessation of rapid respiration due to the oxidative phosphorylation of 
added phosphate acceptor are abrupt enough to mark accurately the 
amount of oxygen uptake in times as short as 10 to 20 seconds. Thus 
phosphorylative activity can be directly calculated as the quotient of 
added ADP' to the amount of rapid oxygen utilization. Typical values 
for the ADP:0O ratio are given for various substrates and possible errors 
and limitations of the method are discussed. 

Preparations—The mitochondrial preparations used here are discussed 
in Paper II (2). The preparations were diluted to 5 to 10 mg. of protein 
per cc. in an isotonic medium. The concentration of the ADP solution 
was based upon optical density measurements at 260 my and a molecular 
extinction coefficient of 16 cm.-' K ma (3). The chromatographed 
Sigma preparations of ADP were assumed to be spectroscopically pure.” 
The concentration of oxygen in the air-saturated isotonic medium was cal- 
culated to be 240 us (4). 

Method—Since the amount of mitochondria from one or two rats is 
small, the spectrophotometric studies are carried out in a 1 sq. cm. cuvette 
containing | ec. of suspension. It is necessary to measure the kinetics of 
oxygen utilization in this volume without undue disturbance to the optical 
path. A stationary platinum micro electrode (5) is satisfactory for slow 
changes but requires about 20 seconds to reestablish diffusion gradients 


* This research has been supported in part by a grant from the National Science 
Foundation. 

' The following abbreviations are used: adenosine diphosphate = ADP, adenosine 
triphosphate = ATP, moles per liter = m, micromoles per liter = um. 

* Control assays of the Sigma Cheinical Company. 
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after the solution has been stirred in order to start the reaction (see Fig. 
4 (6)). Though a rotating electrode (7) is little affected by stirring, it is 
cumbersome and interferes with the optical path. The use of a vibrating 
electrode has been suggested by Harris and Lindsey (7). We have de- 
veloped a special form of the vibrating electrode (illustrated by Chance 
(8)) that is out of the light path and is conveniently vibrated by the reed 
of a converter from the Brown Instrument Company, which vibrates at 
60 cycles per second in strict synchronism with the light chopping. The 
amplitude of vibration is a few mm. Soldered to this reed is a platinum 


Caygen 


(microamperes) 


0.14 


sec 


Zero Oxygen 


Current 


100 200 300 
Oxygen (pM) 
B 


Fic. 1. Calibrations of the vibrating platinum micro electrode. A, calibration 
with solution of known oxygen concentration produced by saturating the solution 
with known dilutions of air obtained from a gas-mixing apparatus. #&, calibration 
with a known zero order reaction for the consumption of oxygen. Bakers’ veast, 
equilibrated with glucose, and air are rapidly introduced into the measurement cell 
and the decrease of oxygen concentration is followed by the electrode (Experiment 


342). 


electrode of 0.008 inch diameter (“‘open”’ type) prepared according to 
Davies and Brink (5). This electrode is polarized at —0.6 volt. The 
converter forms a part of the electronic amplifying circuit that is to be de- 
scribed elsewhere. The response speed of this vibrating electrode appears 
to be excellent; the electrode current reaches 90 per cent of its final value 
in 1 second and records the initiation of respiration of Keilin and Hartree’s 
succinic oxidase system as soon as succinate can be mixed (~1 second). 
No change of current is caused by stirring the solution unless the electrode 
is accidentally touched by the stirring rod. Though the linearity of re- 
sponse is probably not so good as that with the stationary type, the eali- 
bration curve of Fig. | shows errors of 10 per cent or less. The linearity 
is also tested by measuring the constant respiration of yeast (previously 
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incubated with glucose aerobically), and Fig. 1, B shows a change of slope 
of less than 10 per cent over a wide range of oxygen concentrations. 

Since the sensitivity of platinum electrodes (current per unit of oxygen 
concentration) is known to be variable (5), the electrode current is meas- 


0.15 ge Mitochondria — Mitochondria 


Aw soturated medium 
+ 
@hydroxybutyrate 


O.See Mitochondria ‘Aitoc hondria 

a 450 uM ADP 
75yM 


=«(0,]+0 


Fic. 2. Measurements of the ADP:0O value for rat liver mitochondria with 8-hy- 
droxvbutyrate (1, B) or succinate ((, D) as substrate. The sample construction 
in A illustrates the measurement of the oxygen consumption during the interval of 
stimulated respiration. This quantity is divided into the added ADP concentration 
to give the ADP:0, figure which is twice the ADP:O value. The oxygen concentra- 
tion before addition of the mitochondrial suspension is taken to be 240 um. Con- 
centrations are in moles per liter. Isotonie medium at 25° (Experiment 337a). 


ured before each experiment in air-saturated buffer and a few minutes 
later in anaerobiosis (see Fig. 2). The successive calibrations of Fig. 2 
show the sensitivity to be sufficiently constant between calibrations. The 
four consecutive experiments represented by Fig. 2 show a total change of 
—6 per cent. 

When mitochondria are added to the reaction medium, there is an abrupt 
deflection of the tracings of Fig. 2. This is caused by a dilution of the 
oxygen present in the reaction medium by the addition of the anaerobic 
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mitochondria and by a decrease in electrode sensitivity caused by the su- 
crose and protein in the mitochondrial preparation. The oxygen concen- 
tration remaining after dilution is readily calculated and the deflection of 
trace corresponding to this oxygen concentration (204 yum in Fig. 2) is 
clearly shown in Fig. 2 as the level just following addition of mitochondria. 

The vibration of the electrode disturbs the surface of the liquid and 
mixes the solution in contact with the air with the bulk of the solution, 
The rate of mixing is so slow that it causes a negligible error when the 
respiration is rapid. On the other hand, the effect is appreciable when the 
respiration of the mitochondrial suspension slows, owing to the lack of 
phosphate acceptor. This rate of mixing is about 0.1 um O» per second 
when half of the dissolved oxygen has been used up and increases as the 
difference of oxygen concentration in air and solution increases. Any 
error in the measurement of oxygen consumption during oxidative phos- 
phorylation is minimized by making fairly small ADP additions. Thus 
the decrease of oxygen concentration is small, and the rate of mixing is 
approximately constant. The remaining error in the measurement of slow 
respiration rates at low oxygen concentrations tends to increase the meas- 
ured ratio of the rates in the presence and absence of ADP. 

Extra Oxygen Utilization on ADP Addition—Fig. 2, A presents a typical 
experiment on the respiration of a mitochondrial suspension. The slow 
respiration in the presence of 8-hydroxybutyrate is very rapidly accel- 
erated (for an expanded view see Fig. 5, A) by the addition of ADP (phos- 
phate and other substances being necessarily present in the medium (2)) 
and is decelerated to the original rate when the added ADP is phosphoryl- 
ated (see below). Two repetitions of the experiment are possible before 
the dissolved oxygen is expended. The change of oxygen concentration 
per ADP addition is read from the curves by the two intersections of the 
extensions of the three straight lines, as illustrated for the second addition 
of ADP in Fig. 2, A, and values of 49, 40, and 38 um per 225 um ADP are 
obtained corresponding to ratios of ADP:O of 2.3, 2.7, and 3.0. If the 
initial concentration of ADP is increased as in Fig. 2, B, there is a cor- 
responding increase in the change of oxygen concentration; the ADP:O 
value is 2.6, very nearly an average of the values obtained in Fig. 2, A. 
In order to make sure that the increase of the ADP:O value does not con- 
tinue at the rate suggested by Fig. 2, A, we have carried out other experi- 
ments in which the medium is initially saturated with oxygen and thereby 
have been able to make eight consecutive determinations of the ADP:O 
value over an interval of 12 minutes, as shown in Fig. 3. The initial 
ADP:0O value of 2.5 reaches a fairly constant value of 3.1. 

Fig. 2, C and D, presents a similar series of experiments with succinate 
as substrate. In this case the respiration rates are about 3 times larger. 
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Nevertheless, the electrode recordings show sharp breaks that accurately 
mark the interval of ADP utilization, and ratios of ADP:O of 1.6 are ob- 
tained for the two initial concentrations of ADP used in Fig. 2, C and D. 
This figure is 0.6 of the value obtained for 8-hydroxybutyrate in Fig. 2, 
B, and the average of this ratio for ten preparations is 0.68. 

Glutamate gives a higher value of ADP:O with a guinea pig liver prep- 
aration than the other two substrates, as shown by Fig. 4, A. In this case 
the ratio of the respiration rates with and without ADP is very large, 
that for the second ADP addition being over 10:1. The values of ADP:O 
for this preparation are 3.1, 2.6, and 1.8 for glutamate, 8-hydroxybutyrate, 
and succinate, respectively. The largest value for glutamate is presum- 
ably due to a-ketoglutarate formation and utilization. 


Succinate, 


_ 
Ss = @ hydroxy butyrate 
g 5 7 
. 3 20. min. min. min 


Test Number 


Fic. 3. Successive determinations of the rapid oxygen utilization for additions 
of 40 um ADP. Medium saturated with oxygen. Isotonie medium at 25° (Experi- 
ment 340). 


Endogenous Substrate—If ADP is added to mitochondria in the absence 
of added substrate, there is considerable oxygen uptake, which in the case 
of Fig. 4, B amounts to 28 um oxygen. Addition of glutamate at this 
point causes a further 38 um oxygen uptake, which terminates when the 
ADP is all utilized. The oxygen uptake following ADP addition is pre- 
sumably caused by a limited amount of endogenous substrate of the 
mitochondria. The nature of the substrate is not known, but its presence 
insures that little ADP is present in the mitochondria. The respiration is 
inhibited by malonate. 

With the guinea pig liver mitochondria of Fig. 4, B a second addition of 
ADP causes an oxygen uptake of 67 um, which agrees very closely with 
(28 + 38) = 66 um oxygen utilized following the first addition of ADP. 
Thus the ADP:O value for the endogenous substrate is high (3.2), and 
there is very little loss of ADP in the 30 second interval between the utili- 
zation of the endogenous substrate and the addition of glutamate. 
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About the same amount of endogenous substrate is present in the rat 
liver preparations, but in this case the value of ADP:O is less than that 
for B-hydroxybutyrate. This explains the fact that the value of ADP:0 
for the first addition of ADP in the presence of added 8-hydroxybutyrate 
is low (see Fig. 2), and the correct value is obtained when the endogenous 
substrate is exhausted. 

In order to determine whether there is any loss of ADP other than that 
due to endogenous substrate, mitochondria are incubated with various 
amounts of ADP for 1} minutes, and then the remaining ADP is assayed 


et §0.2 cc of Guinea Pig Liver Mitochondriay 5. of Guinea Pig Liver Mitochondri 

: 


Fic. 4. This figure illustrates (a) the control of respiration that can be obtained 
with guinea pig liver mitochondria, (b) the determination of the ADP:O value for 
glutamate with this preparation (see construction of A), (c) the content of endoge- 
nous substrate in guinea pig liver mitochondria (B), and (d) the negligible utilization 
of ADP in the absence of respiration in this preparation (B). Isotonic medium at 
25° (Experiment 337a). 


in terms of the oxygen uptake following the addition of 6-hydroxybutyrate. 
We have found that amounts of ADP in excess of about 170 um exhaust 
the endogenous substrate and that the remainder of the larger amounts 
cause oxidative phosphorylation with an ADP:O value close to 3 upon 
addition of B-hydroxybutyrate. 

Further evidence that there is negligible utilization of ADP except by 
oxidative phosphorylation is obtained in the following experiment. The 
first addition of ADP (240 um) closely equals the endogenous substrate 
concentration. A second, larger addition of ADP (560 uM) is incubated 
with the mitochondria 13 minutes before the addition of substrate. The 
oxygen uptake upon substrate addition is the same as that in a control 
experiment in which substrate and then the same amount of ADP are 
added. 
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Kinetics of Initiation and Cessation of ADP-Stimulated Respiration—If 
traces similar to those of Fig. 2 are recorded on a more rapid time scale 


600uM ADP 


«Aerobic mitochrondria 
plus succinate 


(uM O, /sec.) 
rate 
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Fic. 5. A, a recording of the kinetics of initiation and cessation of rapid respira- 
tion in rat liver mitochondria with succinate as substrate. Isotonic medium at 25° 
(Experiment 332b). B, by means of tangents drawn to A (see Lines a and b), the 
relationship between oxygen rate and oxygen concentration in the cessation of rapid 
respiration is constructed, half maximal rate being obtained at 7.5 um oxygen above 
the slow respiration rate. This corresponds to 30 um ADP. C, the effect of various 
low concentrations of ADP upon the respiration rate of guinea pig liver mitochon- 
dria in the presence of glutamate. Half maximal acceleration of respiration is ob- 
tained with 20 uw ADP. Isotonic medium at 25° (Experiment 379c). 


by a galvanometer oscillograph as in Fig. 5, A, the rapidity of the ADP 
effect is clearly observed; rapid respiration is initiated in the mixing time 
(~1 second), as if reserves of reduced respiratory enzymes were already 
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available in the system and needed only to be coupled to the oxidase sys- 
tem by the phosphorylation of ADP. Thus the initiation of the ADP 
reaction is much more rapid than can be shown by the manometric method 
(9). 

The cessation of rapid respiration is also abrupt. In this case the de- 
cline in concentration of ADP causes the decline of respiration rate, and 
the sharpness of the break in the curve indicates the very high affinity of 
the oxidative phosphorylation system for ADP. While this break in the 
curve is too sharp for detailed measurements when 8-hydroxybutyrate is 
used as a substrate, the curvature with succinate as a substrate, as in 
Fig. 5, A, is analyzed under rather arbitrary conditions in Fig. 5, B. The 
increment of oxygen rate above the final slow rate is plotted as a function 
of the oxygen concentration above the extrapolated final concentration, 
as is illustrated by the sample construction on Fig. 5, A. Fig. 5, B shows 
that half deceleration is obtained at 7.5 wm (or 15 microatoms) oxygen 
above the final level. Assuming that the ADP:O value is constant (at 
2) for the region of this curve, we estimate the ADP affinity as 15 XK 2 = 
30 uo per liter ADP. 

If small amounts of ADP are added and the increased rate of oxygen 
uptake is measured, a value of about 20 um ADP gives half maximal rate 
for a guinea pig liver preparation with succinate as the substrate (Fig. 5, C). 


DISCUSSION 


The results described here are best obtained with “tightly coupled” 
oxidative phosphorylation systems, those that show a 4- to 10-fold increase 
of respiration upon addition of phosphate acceptor or uncoupling agent. 
Such systems are probably more representative of the physiological situ- 
ation and may have a higher phosphorylative efficiency (10). Other prep- 
arations that require a very reactive trapping system to compete with 
ATPases, such as the sarcosomal preparations from rat heart (11) and fly 
muscle (12), are as yet unsuitable material. 

The vibrating platinum electrode developed for these studies shows that 
the mitochondrial respiration is initiated less than a second after the ad- 
dition of phosphate acceptor. This speed is sufficient to account for the 
rapid increase of respiration of intact systems following physiological ac- 
tivity. D. K. Hill, for example, found frog muscle to reach maximal 
respiration a few seconds after a twitch (13). Millikan, using myoglobin as 
an intramuscular indicator, found 10 to 25 per cent of the oxygen reservoir 
in the form of oxymyoglobin to be expended 1 second after a tetanic con- 
traction of cat’s soleus muscle at 20° (14). Connelly and Chance found 
the steady state of reduced pyridine nucleotide of frog sartorius muscle to 
change in the interval of <0.5 second following a twitch at 25° (15, 16). 
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No extremely rapid phase of respiration is observed to precede the steady 
rate caused by the addition of phosphate acceptor; phosphate acceptor 
sets the respiratory system into operation very rapidly and at a relatively 
constant rate. The constant respiration rate of the phosphorylating sys- 
tem is maintained until the concentration of phosphate acceptor has fallen 
to a low value; then the respiration abruptly falls by a factor of 4- to 10- 
fold, depending upon the quality of the preparation. This abrupt decrease 
of respiration is due to the high affinity of the oxidative phosphorylation 
system for ADP. Slater and Holton made a rather indirect estimation 
of the affinity of their sarcosomal preparation for endogenous ADP and 
obtained 10-' m ADP for half maximal respiration with a-ketoglutarate 
(9). (They made a second calculation for the a-ketoglutarate-cytochrome 
c reductase system and found a value of 7 K 10-7 om for half maximal phos- 
phorylation.) 

We can compute a “‘K,,”’ for ADP from our results on the decline of 
oxidase activity with time (30 um ADP) or from the oxidase activity in 
the presence of small known additions of ADP (20 um ADP) in the pres- 
ence of succinate. Our computation has the advantage over that of Slater 
and Holton in that our endogenous ADP concentration is presumably 
very much lower in the “tightly coupled” preparations we use. While we 
cannot measure what the absolute level of ADP in the mitochondria is or 
whether such ADP is available to the oxidase system, we can specify the 
change of ADP concentration that gives half maximal respiration. We 
regard as unlikely a chemical system that “shuts off” in response to a 
differential change that is small compared with the ADP concentration. 

In view of the abrupt initiation and cessation of rapid respiration during 
the utilization of a known ADP concentration, we provide a simple, direct, 
and rapid means for computing the ADP:O value. The oxygen data are 
accurate to about 5 per cent in amount and 10 per cent in rate. Such a 
value is of great usefulness for a comparison of preparations, substrates, 
phosphate acceptors, and uncoupling agents. If all of the ADP added 
were utilized in oxidative phosphorylation, then the ADP:O and P:O 
values would be the same. A crude control on the phosphate uptake dur- 
ing the interval of rapid respiration gives 1.6 and 1.5 mm phosphate, as 
estimated by the method of Lowry and Lopez (17), compared to 1.7 mm 
ADP added. A more sensitive test is to incubate ADP and mitochondria 
in the absence of substrate and, after a suitable interval, to add substrate 
and observe whether the ADP:O value is the same as that in the non- 
incubated control. When a preparation is freed of endogenous substrate 
that interferes with this test, no change of the ADP:O value is caused by 
the incubation. Thus the preparations we use show negligible utilization 
of ADP except by oxidative phosphorylation, and our values of ADP:O 
may be regarded as P:0O ratios. 
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In common with other workers in this field, we do not subtract the 
respiration rate without phosphate acceptor from that measured during 
the utilization of added ADP.* Our data underline several reasons for 
omitting this correction. First, just as high ADP:O values are obtained 
when the ratio of the respiration rates with and without ADP is only 3 or 
4:1, as with preparations having ratios of over 10:1. Secondly, if an un- 
coupling agent is added so that the ratio falls from 7:1 to 1.4:1, the ADP:0 
value has not yet begun to decrease.‘ 

It is a matter of considerable interest to know what mechanism allows 
ADP to be phosphorylated at about the same rate under these different 
conditions. If the respiration is caused by ATPase activity which gives 
rise to a small endogenous ADP concentration, then there must be some 
“shut off’? mechanism for this ATPase activity when the external ADP is 
added. It may be that the work of Kielley and Kielley on the competitive 
inhibition of ATPase by ADP (20) will provide a clue, but, at present, in- 
consistencies between their conditions and ours do not allow a final con- 
clusion to be drawn. 


SUMMARY 


The abrupt initiation and cessation of rapid respiration of “tightly 
coupled” oxidative phosphorylation systems caused by the addition and 
the utilization of a known concentration of phosphate acceptor can be 
satisfactorily measured by a rapidly responding polarographic technique 
utilizing a vibrating platinum micro electrode. The ratios of added ADP 
to oxygen utilized (ADP:O) are 3.1, 2.6, and 1.8 for glutamate, 6-hy- 
droxybutyrate, and succinate, respectively. These values are within the 
range of P:O ratios obtained by Copenhaver and Lardy (21). The errors 
in the measurement of ADP and oxygen concentrations are about 5 per 
cent when about 0.1 umole of ADP is used. Since negligible ADP is found 
to be utilized in reactions other than oxidative phosphorylation with these 
preparations, the ADP:O values correspond to P:0O ratios. 

The initiation of increased respiration of mitochondria following ADP 
addition requires less than 1 second and is rapid enough to explain meas- 
ured responses of respiration to physiological activity. The abrupt re- 
turn of respiration to the initial low level as the added ADP is utilized 


3 Ochoa’s (18) foot-note in 1943 sharply and correctly criticized calculations based 
upon the excess oxygen uptake (19) and stated ‘‘this calculation is objectionable” a 
considerable time before the phenomenon was understood. 

4In a preparation in which the ratio of the respiration rates with and without 
ADP addition was 7:1, and the ADP:0O value 3.0, addition of 7.4 um butyl-3,5-diiodo- 
4-hydroxybenzoate caused the ratio of respiration rates to fall to 1.4:1, while the 
ADP:0O value remained high (3.1 (Experiment 372)). This uncoupling agent was 
obtained through the kindness of Dr. Henry A. Lardy. 
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suggests high affinity for ADP. Half maximal respiration requires only 
20 to 30 um ADP under our experimental conditions. 
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The cytochromes of the non-phosphorylating DPNH! and succinate 
oxidase preparations (1, 2) have been examined in detail by visual (1) and 
photoelectric (3) spectroscopic methods, and it is often tacitly assumed 
that the oxidative phosphorylation system of mitochondria contains an 
identical set of respiratory enzymes that act in the same way as those in 
non-phosphorylating preparations (4). In order to determine the proper- 
ties of intact mitochondria, we have studied by direct spectrophotometric 
methods the respiratory enzymes of rat and guinea pig liver preparations. 
Our method allows us to observe the spectra of the components of the re- | 
spiratory chain with as little mutual interference as possible because the 
spectrophotometer is used differentially to respond only to small changes 
of absorption caused by the effect of specific reactants upon the enzyme 
system (5). The properties of the mitochondrial respiratory chain are 
rather different from those of non-phosphorylating preparations, especially 
with respect to pyridine nucleotide, flavoprotein, and cytochrome c. In 
addition to cytochromes a3, a, and b, which are present in about the usual 
relationship, cytochrome e, cytochrome bs, and catalase are identified spec- 
troscopically in the mitochondrial preparations by suitable chemical tests. 

The components of the mitochondrial respiratory chain, determined by 
their difference spectra, represent those readily observed to participate in 
electron transfer in intact yeast or ascites tumor cells (6-8). On the basis 
of spectroscopic data given here and kinetic data given later (9), we find 
that no abbreviated respiratory chain is involved in the phosphorylating 
DPNH oxidase system; cytochrome ba (2, 4) and flavoprotein (10) are 
present and functioning, as are cytochromes c, a, and a3 (11), in spite of 
reports based upon non-phosphorylating systems. 


* This research has been supported in part by a grant from the National Science 
Foundation. 

1 The following abbreviations are used: reduced diphosphopyridine nucleotide = 
DPNH, oxidized = DPN; adenosine diphosphate = ADP; reduced triphosphopyri- 
dine nucleotide = TPNH, oxidized = TPN. 
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Preparations*—The mitochondria were prepared according to a modi- 
fication of the method of Schneider (12) similar to that used by Lardy and 
Wellman (13). A Servall SS-2 centrifuge with an added cooling system 
was used for the high speed centrifugation. Glass-distilled water was used 
throughout. The preparations retained their characteristics for several 
hours at 0° in 0.25 m sucrose; hence samples diluted into the reaction 
medium at various times gave comparable results. The principal change 
in the preparation over this interval was the depletion of endogenous sub- 
strate. The reaction medium contains 0.038 m Nat, 0.087 m Kt, 0.006 x 
Mgt’, 0.096 m CI, 0.013 m HPO,", 0.003 m and 0.012 m F-. 

Physical Methods—The split beam recording spectrophotometer (5, 14) 
is used here to plot as a function of wave-length the differences of optical 
density between two identical dilutions of mitochondria that differ in their 
chemical treatment, as described below. The dynode voltage of the photo- 
multiplier is automatically adjusted to give a constant “100 per cent” 
transmission reading through the reference suspension as the various wave- 
lengths are scanned. The difference of light transmission between the two 
suspensions is converted to logarithms to give optical density difference. 
The fluctuation (‘‘noise’’) in the recording is about 2 XK 10~ in optical 
density. 

One advantage of the split beam method, not obtainable with visual 
spectroscopy, is the possibility of recording the difference spectra due to 
small changes of absorption without interference from strongly absorbing 
substances already present. This is accomplished by treating first one and 
then the other cuvette with the same reagent. For example, if both 
cuvettes contain Solution A, and Reagent B is added to one, the difference 
spectrum due to reaction with Reagent B alone is obtained (that due to 
Solution A is canceled out). Now if Reagent B is added to both cuvettes, 

and Reagent C is added to one, the difference spectrum due to reaction 
with Reagent C alone is recorded (that due to Reagent B and Solution A 
is canceled out). Thus we apply differential chemical reactions in order 
to obtain difference spectra of the respiratory components which reveal, 
ideally, only one component at a time. While it has not been possible to 
approach this ideal as closely with liver mitochondria as with simpler non- 
phosphorylating systems, the results of Fig. 1 represent five different types 
of treatments that allow us to record the various respiratory enzymes 
with negligible interference. 


Results 


Anaerobiosis—The least selective treatment is anaerobiosis, since spec- 
troscopic changes are recorded for all the respiratory components, even 


2 We wish to acknowledge the excellent advice of Dr. A. L. Lehninger and Dr. H. 
A. Lardy in the preparation of “‘tightly’’ coupled mitochondria. 
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without substrate addition, because of the presence of DPNH in the in- 
tact mitochondria. Such a difference spectrum between aerobic and 
anaerobic rat liver mitochondria is plotted as Trace 1 of Fig. 1. Both 
cuvettes are treated with ADP and 8-hydroxybutyrate, and one suspension 
is allowed to become anaerobic before the other. 

Trace 1 of Fig. 1 shows the a-bands of cytochromes a and c as well as 
the y-bands of cytochromes a; and c. The spectral shift caused by the 
reduction of oxidized flavoprotein is somewhat obscured by the y-band of 
cytochrome a;, and the band of DPNH does not rise to its full height with 
this type of treatment. (In Paper III (15) it is shown that the spectrum 
plotted here corresponds to the difference between States 3 and 5 as defined 
in that paper.) 

This difference spectrum is different from that of Keilin and Hartree’s 
non-phosphorylating succinic oxidase system (1, 3) in many ways. First, 
the band of cytochrome c of the phosphorylating system is much more 
distinct; scarcely any shoulder due to cytochrome b is observed at 563 or 
430 mu. Secondly, the (a3),-band is depressed somewhat by the large 
flavoprotein content of the mitochondria. Thirdly, a remarkably strong 
DPNH band is recorded in mitochondria. This band is completely ab- 
sent in the non-phosphorylating preparation; there only the small 6-band 
of cytochrome c is observed at about 315 my (about one-fourth the size of 
the c.-band) (unpublished data). 

In rat liver preparations the relations of the absorption bands of cy- 
tochromes a; and a (2.e., the ratios a3:a) are about the same as those in the 
non-phosphorylating system; the ratios of the y- to a-bands are 6.9 and 7.6, 
respectively (3). Some significance may be attached, however, to this 
small difference, not only because of the consistency of our data but also 
because guinea pig liver mitochondria show an even smaller a3:a ratio (4 
is often observed). No explanation for this interesting difference is pro- 
posed at present, but it is worth while noting that treatments of the mito- 
chondria often used to decrease phosphorylative activity (standing over- 
night in saline, etc.) cause this ratio to increase and do so, in so far as can 
now be determined, by decreasing the intensity of the cytochrome a band 
(the a,:cq value decreases somewhat). 

Antimycin A Treatment—The aerobic mitochondria are treated first with 
ADP (or such a colorless uncoupling agent as dibromophenol) in order to 
oxidize cytochrome b, flavoprotein, and DPNH completely (this gives 
State 2 described in Paper III (15)), and the optical density changes upon 
addition of excess antimycin A and 8-hydroxybutyrate are recorded (see 
Trace 2, Fig. 1). 

Cytochromes b, and b, are clearly recorded now at 563 and 430 mg, 
respectively. The flavoprotein absorption is also more clearly separable 
from that of cytochrome a; and does not appear to take an upward swing 


odi- 
and 
stem 
used 
eral 
tion 
ange 
sub- 
M 
14) 
ical 
heir 
oto- 
nt” 
ve- 
two 
nce, 
ical 
sual 
> to 
ing 
and 
oth 
nce 
to 
es, 
ion 
1A 
er 
al, 
to | 
m- | 
= 
H. 


398 RESPIRATORY ENZYMES. II 


Reduced 
Pyridine 
Nucleotide 


(aCO) 
+Co {3) 


O 
om 
+.08- 
= CO (4) = 
~ 
= 
+.04 - +0 
a 
= 4005 
Cc 
st O re) 
8 Water & Saline 
a x Treatment 
Oo Reduced by 
Angerobiosis (5) 
-.04 
340 400 460 550 600 
A (my) 


Fic. 1. Partial separation of spectra of components of respiratory chain of rat 
liver mitochondria by various chemical treatments. The difference spectra were 
recorded in the split beam recorder which plots the difference between the absorp- 
tion of a reference sample of mitochondria (2 mg. of protein per cc.) and the experi- 
mental one. In Trace 1 the difference is caused by anaerobiosis, which gives the 
oxidized minus reduced difference spectrum of mitochondria. The absorption peaks 
reading from right to left are caused by the reduction of cytochromes aa, Ca, (a3) 7; 
and cy, and DPN. The trough at 465 my is caused by the reduction of oxidized 
flavoprotein. In Trace 2, the difference is caused by antimycin A treatment and 
the absorption peaks are cytochromes ba and by, and DPNH. In Trace 3, both sus- 
pensions are anaerobic, and one is treated with CO to show the formation of thea., 
8-, and y-peaks of cytochrome a;-CO. In Trace 4, both suspensions are anaerobic 
and CO-saturated, and the difference is caused by hydrosulfite addition. This causes 
a peak at 426 my and a trough at about 450 my. In Trace 5, the mitochondria were 
washed to remove cytochrome c and to show in the oxidized minus reduced difference 
spectrum the a-bands of cytochromes a, b, and e (reading from right to left). 8-Hy- 
droxybutyrate added as substrate in Traces 1 to 4, succinate in Trace 5 (Experiment 
432d). 
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even at 440 my where cytochrome b has not yet begun to have an appreci- 
able effect (as determined by studies of cytochrome b in non-phosphory- 
lating systems that contain very little flavoprotein). We can obtain little 
evidence for a flavoprotein trough in the region of 360 my, as would be ex- 
pected from data on purified enzymes (see for example Mackler e¢ al. (16)), 
even in experiments in which DPNH interference has been avoided. 

With antimycin A and 8-hydroxybutyrate addition, the DPNH band 
stands out clearly and has its peak at about 335 rather than at 340 mu. 
Shifts of the DPNH peak to shorter wave-lengths have been observed with 
proteins that bind DPNH (17), but those enzymes which are known to 
produce this shift are not present in sufficient quantities in liver mito- 
chondria to explain the observed effect. Nevertheless, many other de- 
hydrogenases may cause this shift. It is extremely unlikely that an ultra- 
violet absorption band of a cytochrome or flavoprotein causes this shift 
because of the prominence of the DPNH absorption. 

Since the reduction of pyridine nucleotide has, in these experiments, 
been caused by reducing substrates that are specific for DPN, we attribute 
the absorption band to DPNH and not to TPNH. Even if TPN becomes 
reduced anaerobically because of the Krebs cycle intermediates in the 
mitochondria, its contribution is probably very small, since only 5 per cent 
of the liver pyridine nucleotides is TPN (18). 

Reaction with Carbon Monoxide—In order to assay cytochrome a; by the 
formation of its carbon monoxide compound we record the change in op- 
tical density caused by the addition of carbon monoxide (a gentle stream 
of gas for } minute) to an anaerobic suspension of mitochondria (the mito- 
chondria are made anaerobic by their own respiration in the presence of 
substrate and ADP). The trough at 445 my shown in Fig. 1, Trace 3, is 
caused by the diminution in the intensity of the (a3),-band, and the peak 
at 429 my is due to cytochrome a;-CO. Two facts are noted: (1) the peak 
is very close to the correct position for cytochrome a;3-CO (19), and (2) 
the optical density change corresponds closely to the amount of cytochrome 
a; that would be expected from the amplitude of the (a3),-band on the basis 
of studies of non-phosphorylating systems. (With heart muscle prepara- 
tion the value is 0.9 (19); here we find 0.83.) This result makes it un- 
likely that any other carbon monoxide compound of a reduced hemopro- 
tein, e.g. hemoglobin or mitochrome (20), is present in appreciable amounts 
or is reduced by anaerobiosis. 

Hydrosulfite Treatment—Some pigments may not be reduced anaero- 
bically by the intramitochondrial DPNH because they do not participate 
in this respiratory chain. They are revealed by adding hydrosulfite to the 
anaerobic system, and the difference spectrum is plotted as Trace 4 of 
Fig. 1. Although carbon monoxide was present in this reaction mixture, 
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the discussion below shows that its presence did not affect these arguments, 
The prominent trough at 460 my is just as large as that of Trace 2, caused 
by antimycin A treatment; only about half of the mitochondrial flavopro- 
tein is reduced by DPNH. There is, in addition, a small peak at 426 mu. 
This peak is not attributable to a further reduction of cytochrome b, which 
has a peak at 430 and not at 426 my, as indicated by Trace 2, in which 
antimycin A treatment was used. Thus anaerobiosis gives complete, and 
not partial, reduction of cytochrome b. Two other possibilities can be 
eliminated: catalase, which is not reduced by hydrosulfite under these con- 
ditions, and hemoglobin, which is deoxygenated already by anaerobiosis 
and is maintained in the ferrous form by the normal function of the eryth- 
rocytes. Three pigments could contribute (1) cytochrome bs (21), (2) 
the partially characterized pigment called mitochrome (20), and (3) other 
unknown hemoproteins or denatured protein hemochromogens (22). 

To determine whether this absorption band of Trace 4 at 426 my is caused 
by a pigment that combines with CO, we have carried out further experi- 
ments. In Fig. 2, Trace A represents the difference spectrum obtained 
when hydrosulfite is added to anaerobic mitochondria in the absence of 
CO. The experiment is now repeated (Trace B) by adding hydrosulfite 
to an anaerobic mitochondrial suspension that is saturated with CO. (It 
is inappropriate to add CO after hydrosulfite because cytochrome a;-CO 
would interfere.) Any difference between Traces B and A would be 
caused by the formation of the CO compound of any of the three possible 
substances listed above. Only a very small shift of the absorption band 
with CO occurs. Thus these pigments that are not reduced by anaerobiosis 
but are reduced by hydrosulfite are hemoproteins that do not combine 
with CO (and not denatured protein hemochromogens) (23). This group 
includes cytochrome b; and mitochrome, provided the latter does not com- 
bine with CO in the native state. A more specific assay for cytochrome 
bs follows. 

DPNH_ Addition—With intact anaerobic mitochondria, addition of 
DPNH causes little effect upon the respiratory chain but does reduce cy- 
tochrome b; of microsomes that have most probably become attached to 
the mitochondria in the process of their preparation. Cytochrome bs re- 
duced by DPNH addition shows a characteristic peak at 427 my, and for 
a particular preparation the peak to trough optical density change meas- 
ured at 427 and 405 my is 0.03 per cm. per mg. of N per cc. compared with 
0.17 for the microsomal fraction prepared by the method of Schneider 
(12, 21). Thus the microsomal fraction contains about 6 times purer 
cytochrome b; than the mitochondrial fraction as prepared by our methods. 

If DPNH is added to anaerobic mitochondria, as presented in Fig. 3, an 
increase of optical density occurs, as indicated by the downward deflection 
of the trace, caused by the reduction of extra mitochondrial cytochrome 
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bs, since the wave-lengths used are 426 and 405 my. A further increase 
of optical density occurs when hydrosulfite is added, and this can be at- 


to anaerobic (A) 
to 
anaerobic +CO (B) 


Optical Density Increment (em7!) 


470 500 530 
A(my) 

Fic. 2. An evaluation of the extent to which mitochondrial pigments, not re- 
ducible by anaerobiosis but reducible by hydrosulfite, combine with CO. Trace B 
is essentially the same as Trace 4 of Fig. 1, while in Trace A the CO was omitted. 
The very small shift of the peak of Trace B to shorter wave-lengths indicates a very 
slight reaction with CO. Guinea pig liver mitochondria; glutamate as substrate 


(Experiment 434). 


410 440 


Aerobi 426-40 
ic 426-400my 
State 10g 0.005 
Fl2yM DPNH 
Anaerobic 
Stote4 


Fic. 3. The three types of reducible material in mitochondrial preparations as 
recorded by the difference of optical density at 426 and 4C0 my by the double beam 
apparatus. Mitochondria in State 3 are allowed to become anaerobic because of 
their own respiration, causing the downward deflection of the trace upon reduction 
of eytochrome in the mitochondrial respiratory chain by intramitochondrial DPNH. 
Extramitochondrial DPNH then causes the reduction of cytochrome bs, as indicated 
by a further downward deflection of the trace. Lastly, hydrosulfite reduces those 
residual pigments, mitochrome, and other substances (Experiment 44382). 


tributed to the reduction of mitochrome or other substances. According 
to Fig. 3, the difference spectra of Fig. 1, Trace 4, and Fig. 2 include about 
one-third cytochrome bs. 
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Treatment with Methyl Hydrogen Peroxide—Addition of an alkyl hydro. 
gen peroxide should convert catalases and peroxidases into Complex I and 
Complex II, respectively, provided peroxide is not already present. In 
the latter case a hydrogen donor may be added to decompose the complex 
(24, 7). In our studies of mitochondrial suspensions we have found that 
a more satisfactory evaluation of the catalase content is obtained if the 
mitochondria are allowed to stand until they have become substantially 
free of substrate (24 to 48 hours at 0°). Then no intermediate compounds 
are present, and addition of methyl hydrogen peroxide gives a spectro- 
scopic shift characteristic of catalase Complex I. There is very little evi- 
dence of a measurable amount of a peroxidase Complex II. The ratio of 
the optical density change for Complex I, as measured at 405 to 430 my, 
to that for cytochrome a3, as measured at 445 to 455 mu, is about 0.2 
(average of two guinea pig liver preparations). Activity determination by 
hydrogen peroxide disappearance gives catalase concentrations close to 
those determined spectrophotometrically in the mitochondrial suspension. 
For a particular rat liver preparation the catalase concentration was found 
to be 0.4 um by activity measurements and 0.6 um by spectrophotometric 
measurement of Complex I (Experiment 332d). 

Water and Saline Treatment—If liver mitochondria are rendered perme- 
able by dilution in water and are then washed with saline, the resulting 
material loses its phosphorylative function but retains succinate and DPNH 
oxidase activity, especially if cytochrome c is added to the system (235). 
We find that this treatment can diminish DPNH and cytochrome ec con- 
tent to below the spectroscopically detectable level. When the difference 
between the oxidized and the succinate-reduced material is plotted as in 
Trace 5, Fig. 1, the absorption bands of cytochromes a, a3, and b, as well 
as of flavoprotein, are observed. <A distinctive shoulder also remains on 
the cytochrome b band at 553 to 554 my (see Trace 5, Fig. 1), which is 
presumably caused by cytochrome e (26, 27). It is reasonable to believe 
that this pigment exists in the intact mitochondria and that its peak is 
there obscured by the much more prominent one of cytochrome c. 

In the particular preparation recorded in Trace 5, Fig. 1, the optical 
density change attributed to cytochrome e, as measured by the difference 
of optical densities at 553 and 540 mu, is about 32 per cent of the total 
value for cytochrome c of the intact mitochondria, as measured at 550 and 
540 mu. In other preparations this value has run as high as 50 per cent. 
(This comparison is based on the rather reasonable assumption that the 
cytochrome a content is unchanged by the washing.) 

Relative Amounts of Respiratory Enzymes—By means of the seven chemi- 
cal treatments that we have described it is possible to make some esti- 
mates of the relative amounts of the various pigments present in liver 
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Sequence of Optical Density Changes (Ratios) in Mitochondrial Preparations 


Source 
Rat (4)* 
sé (1) 


Guinea pig (4) 
(1) 


Substrate 


Succinate 
Glutamate 
Succinate 


8-Hydroxybutyrate 


TABLE II 


Component 
l 1.1) 2.0) 2.5 7 (15 maximum) 
1 | 6.3 15 
1 | 0.8/1.7) 3.0 16 
l 1.4 | 3.9 


* The figures in parentheses represent the number of experiments. 


Sequence of Equivalent Concentrations (Ratios) of Respiratory Enzymes of Phos- 


phoryla 


Material 


Mitochondria 


Disrupted 
mitochon- 
dria 
(water- and 
saline - 
washed ) 

Sarcosomes 


Small parti- 
cles (suc- 
cinoxidase ) 
Intact cells 


| 
| 
| 


Source ment No. 
Rat liver Aver- 
age 
of 4 
Guinea pig | Aver- 
liver age 
of 4 
Rat liver 432d 
Flight mus- | 421f 
cle 
Pig heart 937 
Bakers’ 172 
yeast 
Ascites 225 
tumor 
(Ehrlich 
hyperdip- 
loid) 


Substrate 


8-Hy- 
droxy - 
butvrate 

Glutamate 


Succinate 


a-Glycerol 
phos- 
phate 

Succinate 


Ethanol 


Glucose 


ting and Non-Phosphorylating Systems a 


Component 
Flavo- 
a ct+e | pro- 
| tein® 
1 1.7 0.9) 3.6 
1) (0.6 4.4 
1 Very (0.5 | 4.5 
small 
1} 1.7 (0.55) 2.2 
1} 0.6 |~0 
3.0 /|2.4 3.0 
1} 2.7 (0.33) 3 


nd of Intact Cells 


DPNH 


19 (40 
maximum ) 
43 


Very 
small 


<1 


16.0 


6.0 


* Flavoprotein II (see Table II1). 
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mitochondria. Average values for the optical density changes due to five 
members of the respiratory chain are given in Table I with cytochrome a 
arbitrarily selected as a reference. It has been our custom to convert 
these values into relative concentrations by dividing by the actual or 
assumed molecular extinction coefficients for cytochromes a, b, and c (7). 
In the case of flavoprotein we take a value for Aeggs_510 to be 11 em xX 


III 


Sequence of Equivalent Concentrations (Ratios) of Pigments of Rat Liver Preparation 
(Largely Based upon Data of Fig. 1) 


| | | 
| Tengths"used sequence of | Changes of | Sequence of 
Component | extinction 
coefficient cytochrome ¢ 
my my cm.* mum 
Cytochrome aa...... 605 | 630 
..| 445 | 455 | 6.9 | 91 1.2 
590 | 605 | 0.57 | 
850 | 540 | 19 | 0.80 
Flavoprotein ..| 465 510 1.5 11 | 2.2 
510 2.6 | 11 | 3.8 
465 510 4.0 | 11 | 5.8 
840 374 18 | 6 | 35 
Catalase (Complex ....! 405 430 1.4 180 | ().12 
Cytochrome eg... . . 0.41 | (20) 0.33 
Mitochrome + other sub- | | | | 
stances ..... «426 | 405 0.9t (200 ) | 0.05 


i 


The figures in parentheses represent uncertain values. 

* Corrected for cytochrome e absorption and reduction of ¢ in State 3. 

t Taken as one-third the change measured in Trace 4 of Fig. 1 (cf. Fig. 3). 
t Corrected for cytochrome b; (cf. Fig. 3). 


mn (28) and for reduced pyridine nucleotide, Aesso-374 = 6 ema! & mya. 
The relative concentrations calculated on this basis are given in Table II. 
The large molar excess of DPNH over the other respiratory pigments is 
striking and reaches about 40 times that of cytochrome a. Flavoprotein 
may be present in about a 4-fold molar excess over cytochrome a. 
For further comparison we include values for fly muscle sarcosomes 
(based upon unpublished work in collaboration with Dr. B. Sacktor), a 
non-phosphorylating succinic oxidase preparation from pig heart, and two 
types of intact cells, bakers’ yeast and ascites tumor cells. The phospho- 
_rylating systems have larger amounts of DPNH, flavoprotein, and cyto- 
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chrome c than do the non-phosphorylating preparations. The liver mi- 
tochondria and the ascites tumor cells have about the same amounts of 
cytochrome b relative to cytochrome a. 

In the case of the single rat liver preparation of Fig. 1 we have attempted 
to assay for ten different components; the results are given in Table III. 
The relative amounts of cytochromes a and a; we find to be about the same, 


TaBLe IV 
Turnover Numbers of Various Preparations 
> | Turnover | 
Material Source Substrate | (Kade No.* | 
Mitochondria Rat liver 325 B-Hydroxy- 71 5 9 ADP 
butyrate | 
Guinea pig 379° Glutamate 110 
liver 
379 Succinate 250 | 19 | 27) 
Sarcosomes Flight muscle 421 a-Glycerol 500 (Dibromo- 
| phosphate phenol) 
Disrupted mito- | Rat liver | Succinate + (950) (76)7120) None 
chondria cytochrome | needed 
(water- and | c | 
saline- | | 
washed ) | | 
Small particles Heart muscle Succinate (no 470 | 36 | 22: None 
(succinoxi- added cyto- needed 
dase ) | chrome c) 
Yeast Commercial 918 ethanol 6440 49 (120; ADP? 
bakers’ 
Ascites tumor Mouse 225, Glucose 13 1 3 2h 


* Amount of c used to compute (A,4). is in all cases the total amount of ¢ + e in 
intact mitochondria. The value 27 approaches 100 sec.-! in special media. 

t The activity was measured at various cytochrome c concentrations and the ex- 
trapolated activity at infinite concentration is given. 


in agreement with our previous observations (29). If the cytochrome c 
content is corrected for the possible contribution of cytochrome e, its 
value is about that of cytochrome a for this particular preparation (if it is 
assumed that cytochrome e has a molecular extinction coefficient similar 
to that for cytochrome c). Cytochromes b and e are then also present in 
about the same amounts. Cytochrome bs, probably due to microsomal 
contamination, is present at an even lower concentration than is catalase. 

Flavoprotein is divided up into three categories: I, that reduced by 
antimycin A treatment, II, that reduced by anaerobiosis in the presence 
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of 8-hydroxybutyrate, and III, the total amount that can be reduced by 
hydrosulfite addition (see Table ITI). 

Mitochrome and other substances identified as indicated by Fig. 3 are 
arbitrarily assumed to have a change of molecular extinction coefficient 
upon reduction by hydrosulfite of about 200 em &K marc. 

Turnover Numbers of Components—For a rat liver preparation the oxi- 
dase activity reaches values of (A4)az; = 20 in this reaction medium (K, = 
uM Ov» per second per ADgas — 455) (30). Since flavoprotein interferes with 
the measurement of cytochrome a3, especially in guinea pig liver mito- 
chondria, it has been more convenient to base AK, on the amount of cyto- 
chrome ¢ as measured at 550 and 540 mp. In Table IV values of (K,4), for 
three types of mitochondrial preparations are compared with those for 
non-phosphorylating preparations and for two types of whole cells. As 
far as the broken cell systems are concerned, the more ‘‘tightly coupled” 
mitochondrial systems appear to respire more slowly than the “‘loosely 
coupled”? sarcosomes or the non-phosphorylating heart muscle particles. 
In the case of the whole cells it is clear that the ascites tumor cells do not 
utilize appreciably the capability of their cytochrome system. 

Given the turnover number for one component of the respiratory chain, 
the values for the remainder are readily calculated from the data given 
on relative contents in Tables IT and IIT. 


SUMMARY 


The respiratory pigments that can be recorded spectrophotometrically 
in intact liver mitochondria are cytochromes a3, a, c, e, b, bs, flavoprotein 
(three categories), pyridine nucleotide, and catalase. Relative concentra- 
tions of five components based on an average of four rat liver prepara- 
tions are 1:0.9:1.7:3.6:19 for cytochromes a, b, c + e, flavoprotein, and 
DPNH. Values of 30 to 40:1 for DPNH are not uncommon. The turn- 
over number of such components is compared with those of components 
of the respiratory chain of fly muscle, yeast cells, and ascites tumor cells. 
In comparison with non-phosphorylating succinic oxidase systems, our re- 
sults show a great loss of DPNH and relatively smaller losses of flavo- 
protein and cytochrome c to be characteristic of the conversion to the 
non-phosphorylating systems. 


Addendum—Keilin and Hartree (31) have reported studies on cytochrome e simi- 
lar to those of Estabrook (27) and emphasize the distinction between cytochromes ¢ 
and bs. Our chemical tests support this conclusion and further indicate that cyto- 
chrome b; does not participate in electron transport in intact mitochrondria. Cyto- 
chromes bs and e had previously been identified with one another on the basis of the 
estimated positions of their absorption bands at room and liquid air temperatures 
(see Keilin and Hartree’s comments and Paper IV (9)) and recent recordings of the 
spectra of these two pigments at liquid air temperatures (R. W. Estabrook, personal 
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communication) show that they actually do have their principal a-band at very 
nearly the same wave-length. Nevertheless, in these chemical studies (27) these 
two pigments are clearly distinguished. Keilin and Hartree propose that the name 
cytochrome c, be adopted in place of cytochrome e. 
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RESPIRATORY ENZYMES IN OXIDATIVE 
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Lil. THRE STEADY STATE* 
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In a complex enzymatic sequence the site of action of substrates and 
inhibitors is clearly marked by the way they affect the steady state con- 
centrations of the components of the system (1). Antimycin A, for ex- 
ample, inhibits respiration in the succinic oxidase system (2) and at the 
same time increases the steady state reduction of cytochrome b and de- 
creases that of cytochromes c, a, and a; (3). In the oxidative phosphoryla- 
tion system of liver mitochondria, phosphate and phosphate acceptors cause 
a considerable activation of respiration and may do so by a reversal of 
inhibitory reactions along the respiratory chain (4-6). Thus measure- 
ments of changes in the steady state of the members of the respiratory chain 
upon initiation and cessation of oxidative phosphorylation of ADP' may 
identify sites in the chain where the phosphorylation reactions occur. 

It has been possible to study six members of the respiratory chain of 
intact mitochondria by spectrophotometric methods. Their probable se- 
quence of action (7) and the appropriate pairs of wave-lengths (in milli- 
microns) used in their measurement are as follows: 


Og — — — b” — rip DPNH 8-hydroxybutyrate (1) 
445 605 550 564 465 340 
455 630 540 575 6510 374 


Method—The initiation and cessation of rapid respiration appear to be 
coincident with the interval during which added ADP is phosphorylated 
(8), and this interval is accurately marked by the breaks in the platinum 
micro electrode recordings, as is illustrated by Figs. 2 and 4 of Paper I 
(8). In this paper the platinum micro electrode data are recorded at the 
same time as the spectrophotometric data by means of mirror galvanometer 
registrations on moving photographic film. In the spectrophotometric 


* This research has been supported in part by grants from the National Science 
Foundation and from the Office of Naval Research. 

' The following abbreviations are used: adenosine diphosphate = ADP, adenosine 
triphosphate = ATP, oxidized diphosphopyridine nucleotide = DPN, reduced di- 
phosphopyridine nucleotide = DPNH, flavoprotein = fp, reduced flavoprotein = rfp. 
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method used in such recordings two monochromators are employed to 
illuminate the sample with two wave-lengths that differ by about half the 
width of the absorption band to be recorded (the double beam method) 
(9). Some spectral data are recorded with the split beam method used in 
Paper II (10). 

Preparations—The preparations and reaction media are described in 
Paper IT (10). 

Experimental Procedure—In measurements of small optical density 
changes in the mitochondrial suspension by means of the double beam tech- 
nique the mitochondria are diluted 5- to 10-fold (to 4 to 8 mg. of protein 
per ml.) in the isotonic reaction medium described in Paper IT (10), which 
contains phosphate but lacks substrate and phosphate acceptor. The 
cuvette contains 1 cc. and has an optical path of 1 em. The vibrating 
platinum micro electrode projects about 5 mm. below the free surface of 
the liquid and is so small that neither the spectrophotometric measure- 
ment nor the addition of reagents is appreciably interfered with. Ad- 
ditions of reagent volumes up to 20 ul. are readily made with a drop at the 
end of a stirring rod; the dilution of the suspension caused thereby does 
not appreciably deflect the double beam recording. 


Results 


Correlation of Steady State of DPNH and Respiration Rate—A typical 
experiment (Fig. 1) shows the spectroscopic and respiratory changes in a 
mitochondrial system just following dilution and insertion of the platinum 
electrode. The respiratory rate computed from the changes in the elec- 
trode current has the characteristics described in Paper I (8), no appreci- 
able increase of rate upon addition of substrate and a 4-fold increase of 
rate upon addition of phosphate acceptor (ADP). From the spectro- 
photometric trace it is seen that addition of substrate causes an increase 
of optical density at 340 my with respect to that at 374 my, as indicated 
by the downward deflection of the trace. (The brief V-shaped deflection 
recorded at the moment of substrate addition is caused by the interrup- 
tion of the light beam by the rod.) Thus intramitochondrial DPN can 
be further reduced by the exogenous substrate, and, as later data show, 
this reduction is very nearly as great as that caused by anaerobiosis (see 
Fig. 7). If ADP is added now, there is an abrupt decrease of optical 
density at 340 mu (with respect to that at 374 my), as indicated by the 
rise of the trace following the stirring artifact. This optical density 
change corresponds to an oxidation of DPNH, and the extent of the effect 
amounts to about half of the maximal oxidation of DPNH (by comparison 
with records such as Fig. 6). After about a minute the added ADP is 
used up, and the reduction of DPN increases toward the level previous to 


Aerobic 


Aerobic 
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the addition of ADP. This increased reduction is synchronized with the 
decline of the respiration rate. Now a second addition of twice as much 
ADP gives the same extent of oxidation of DPNH, but the effect lasts 
twice as long. 

We have also used ATP to cause this change in the steady state; a 
typical result is presented in Fig. 2, A. As in Fig. 1, substrate causes 


k—50 sec. 
i5mM ADP 
@-hydroxy butyrate 
\ 
<Spectro photometric Trace — 
re) L 340-374 my x 
2 0.26 
ADP/O,= 60 
ADP/05=5.8 A 


Microelectrode Trace 


Fic. 1. A correlation of changes in respiration rate (see platinum micro electrode 
trace) with changes of the steady state level of DPNH (spectrophotometric trace) 
upon addition and exhaustion of ADP. The measurement of respiration and the 
calculation of the ADP:O value have been described in Paper I (8). The optical 
density changes were measured by the double beam spectrophotometric method (9), 
the reference wave-length being 374 my and the measuring wave-length being 340 mu. 
The upward deflection of the trace upon ADP addition corresponds to an oxidation 
of DPNH. The brief deflections marking the addition of reagents are caused by 
interruption of the light beam by the stirring rod. Rat liver mitochondria; 25°; 
isotonic medium (Experiment 309a). 


reduction of DPN with little increase in respiration. ATP addition causes 
but little oxidation with respect to the steady state level of DPNH and a 
3-fold increase of respiration. Now if the same concentration of ADP 
is added, the steady state increases 3 times as much as with ATP in favor 
of oxidation, and the respiration increases to 7 times the rate without 
phosphate acceptor. Apparently the system is specific for ADP, and the 
effects caused by ATP apparently result from its hydrolysis to form a low 
concentration of ADP. 

In order to determine the ADP concentration required to give a maximal 
spectroscopic effect, we have plotted the extent of oxidation as a function 
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of added ADP concentration, and, as Fig. 2, B shows, 56 um ADP give 
half maximal effect. Thus the spectrophotometric effects upon the ox- 
idative phosphorylation system are saturated by the concentrations of 
ADP used. 


Optical Density 
Increment (cm!) 
340- 374my 


Fic. 2. A, a comparison of the effects of equal molarities of ATP and ADP upon 
the respiration rate (measured by the platinum micro electrode) and steady state of 
DPNH (measured by the double beam method). Other conditions as in Fig. 1 (Ex- 
periment 297-2). B, the ADP concentration required to give maximal change in 
the steady state concentration of DPNH in the State 4 to 3 transition (cf. Table 1D. 
ADP is added to a suspension of aerobic mitochondria in State 4. Guinea pig liver 
mitochondria; glutamate as substrate (Experiment 463b). 


Variety of Steady States—Fig. 3 illustrates five states of the intramito- 
chondrial DPNH and cytochrome 6; these states are characterized as in 
Table I. 

The initial optical density of the suspension corresponds to State 1, and, 
as Fig. 1 shows, DPN is not fully reduced by the endogenous substrate. 
Fig. 3 demonstrates that addition of ADP to State 1 causes an oxidation 
of DPNH and cytochrome b, and, according to Fig. 6, the oxidation goes 
very nearly to completion in State 2. This oxidation of DPNH is caused 
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by a direct effect of ADP upon the respiratory chain and by the exhaustion 
of endogenous substrate utilized in the oxidative phosphorylation of ADP. 
(For a record of the respiration during this interval, see Fig. 4 of Paper I 
(8).) State 3, which is reached in Fig. 3 by the addition of 8-hydroxy- 
butyrate and corresponds to a considerable reduction of DPN and cyto- 


#2 F330 -374mypa = “ADP=O 4) = 
= log Ie/T=0.C 


~15mM = 


I5mM = hydroxybutyrate © 
_=6 hydroxybutyrate _= = 600 


Reduced pyridine nucleotide Cytochrome of type b 


Fic. 3. Five states of mitochondrial suspension (see Table I for definitions). Rat 
liver mitochondria; 25°; isotonic medium (Experiment 2964). ADP — O, point at 
which State 3 terminates and State 4 commences. An upward deflection corresponds 
to an oxidation of DPNH and cytochrome b. The small optical density change from 
State 4 to 5 for the 330 to 374 my record is probably not due to DPNH (cf. Fig. 7). 


Taste I 


States of Respiratory Pigments in Mitochondria 


State 1 | State 2 | State 3 State 4 State 5 
Characteristics poses Aerobie Aerobic Aerobic Anaerobic 
ADP level Low High High Low High 
Substrate level Low-en- Approach- High 
dogenous ing 0 
Respiration rate Slow Slow Fast Slow 0 
Rate-limiting Phosphate Substrate  Respirato-| Phosphate Oxygen 
component | acceptor ry chain acceptor 


chrome b, is the state of oxidative phosphorylation and terminates when 
the added ADP has been phosphorylated. Then State 4 is reached with- 
out further addition of reactants. That State 4 corresponds to the ex- 
haustion of ADP is verified by the coincident decrease in respiration 
measured with the platinum micro electrode (cf. Fig. 1). The transition 
from State 3 to 4 corresponds to a further reduction of DPN and cyto- 
chrome b. In the course of a minute or so the small amount of dissolved 
oxygen remaining in the cuvette is utilized, and the mitochondrial sus- 
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pension becomes anaerobic to give State 5, causing a large deflection at 
430 to 400 my and a much smaller one at 330 to 374 mu. 

Quantitative Study of Effects of Substrate and Phosphate Acceptor upon 
Steady State of Five Members of Respiratory Chain—Fig. 4 shows spectro- 
photometric recordings of the levels of cytochromes a, b, and c, flavo- 
protein, and DPN in States 1 through 4 as measured at appropriate pairs 
of wave-lengths. Since our interest is focused upon the specific effect 
of ADP upon the steady state, the transition from State 3 to 4 is reversed 
by a second addition of ADP to State 4 to give State 3 again. This is the 
transition that is specifically caused by the initiation of oxidative phos- 
phorylation and is uncomplicated by the exhaustion of endogenous sub- 
strate as is the case when ADP is added to State 1. 

Qualitatively, the transition of State 4 to 3 corresponds to a change of 
the steady state of DPNH, flavoprotein, cytochrome 6b, and cytochrome ¢ 
in the direction of oxidation and to a reduction of cytochrome a. 

Quantitatively, we can calculate the steady state levels of these en- 
zymes in States 3 and 4 as a percentage of their total range of oxidation 
and reduction. As is illustrated by Fig. 6 for the case of DPNH, State 2 
corresponds to nearly complete oxidation, and this has been verified for 
the other components. Fig. 7 shows that DPNH is very nearly completely 
reduced in State 4. Thus the level of DPNH is readily calculated to be 
55 per cent reduced in State 3 of Fig. 4. 

While the dominant effect recorded in the Soret region at 430 and 400 
my is caused by cytochrome b, it is desirable to record also at a pair of 
wave-lengths suitable for the a-band of cytochrome 6 in order to be free 
from interference from cytochrome c. At both wave-length regions, a 
consistent pattern is recorded that closely resembles that obtained with 
DPNH. As shown by Fig. 3, State 4 is not one of full reduction, and 
State 5 may be obtained by antimycin A treatment or by anaerobiosis, 
provided measurements are made in the visible region of the spectrum. 
On this basis States 4 and 3 correspond to 24 and 16 per cent reduction of 
cytochrome b, respectively. 

At wave-lengths appropriate for the measurement of flavoprotein (Equa- 
tion 1) we observe that ADP additions cause a downward deflection of the 
trace (corresponding to an increase of optical density at 465 my), which 
indicates an oxidation of flavoprotein on reaching State 2. The remaining 
stages follow the pattern for cytochrome b, and State 4 does not give com- 
plete reduction. The level of reduction on which the percentage changes 
in the steady state are calculated is based upon the effect of antimycin A 
(in this case the effects of antimycin A and anaerobiosis differ (10)). The 
values of flavoprotein reduction are 31 and 17 per cent for States 4 and 3, 


respectively. 
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660M 


A0P ADP 330yM 
m 
log le/I=0.005—— 
Cytochrome a reductiony 


log 


Cytochrome b oxidation Flavoprotein oxidation + 

AD 
60 45% : 

=340-374 | 

0.020— 

bog log 0.040: 

hrome b oxida Reduced pyridine 
Cytoc » tient nucleotide oxidation 


Fic. 4. A quantitative study of the change in the steady state of the components 
of the respiration chain of rat liver mitochondria with 8-hydroxybutyrate as a sub- 
strate. The sequence of states shown is State 1— 2— 3—+4— 3 (see Fig. 3 and Table 
l). The transition from State 3 to 4 is indicated by ADP — O. The wave-length 
pairs used in the double beam apparatus are those given in Equation 1. The sign 
of the change is indicated in the figure. The magnitude of the change is also given as 
4 percentage of the State 2 to 5 change (except for flavoprotein). No calculation is 
made for the 430 and 440 my wave-lengths. 25°; isotonic medium (Experiment 328b). 
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Cytochrome c shows a pattern of spectroscopic changes that is also simi- 
lar to cytochrome 6, and in this case the level of reduction used for caleula- 
tion of percentage changes is that caused by anaerobiosis: States 4 and 3 
correspond to 11 and 5 per cent reduction of cytochrome ec. 

In the case of cytochrome a, the changes are very small; in fact, it is 
difficult to discern whether States | and 2 differ. On adding substrate to 
give State 3, however, there is a definite reduction of cytochrome a (a 
downward deflection of the trace corresponding to an increase of optical 
density at 605 mu). As the ADP is utilized and State 4 is approached, 
the trace deflects upwards to give State 4. It should be noted that States 
2 and 4 are approximately the same for cytochrome a. A fresh addition 
of ADP causes a downward deflection which marks the transition to State 
3. Thus the transition from State 4 to 3 in this case corresponds to a re- 
duction of cytochrome a. By taking the anaerobic state of cytochrome a 
to be completely reduced and State 2 or 4 to be completely oxidized (see 
below), we calculate that States 4 and 3 correspond to 0 and 4 per cent 
reduction of cytochrome a, respectively. 

The changes in the steady state of cytochrome a; are so small that they 
cannot be detected in the presence of the relatively larger changes in the 
steady state of flavoprotein, the absorption band of which overlaps that 
of cytochrome a;. One would expect the sign of the change in the steady 
state of cytochrome a; to be similar to that of cytochrome a but even 
smaller in magnitude, and this has been verified by studies in the presence 
of azide, which emphasizes the steady state changes of cytochrome a.’ 

The changes in the steady state levels of five of the components of the 
mitochondrial system caused by the initiation of oxidative phosphoryla- 
tion are summarized in Table II. These values are the percentage reduc- 
tion of the components in States 3 and 4. The pattern of the ADP effect 
is a slight reduction of the terminal oxidase and an increasing degree of 
oxidation of the components along the respiratory chain until the lowest 
member is affected to an extent of about 50 per cent. The pattern of the 
substrate effect is uniformly one of reduction throughout the chain. 

Variations in Substrate and Source of Mitochondria—In addition to the 
data on the results on the particular preparation illustrated by the records 
of Fig. 4, Table II includes average values for eight ‘‘tightly coupled” rat 
liver preparations with 8-hydroxybutyrate as a substrate. The values 
for States 3 to 4 for DPNH and cytochrome b and ¢ are fairly consistent 
from preparation to preparation, while the values for State 3 for flavo- 
protein varied from 9 to 33 per cent. In a “loosely coupled”’ preparation 
the differences between States 3 and 4 become much smaller. 

Succinate gives greater reduction for States 3 and 4 than 6-hydroxy- 


2 Chance, B., and Williams, G. R., unpublished observations. 
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butyrate, especially in the case of flavoprotein, but with succinate the 
transition from States 2 to 3 is very slow for all components, as if a more 
reactive substance were slowly being formed from the added succinate. 
It should also be noted that DPNH is maintained as far reduced with 
succinate as with 8-hydroxybutyrate in State 3. These statements will be 
clarified in a later publication. 

With guinea pig liver preparations succinate gives a similar pattern of 
steady state changes as in the rat preparation. But glutamate gives 


Tas.e Il 
Summary of Steady State Levels of Respiratory Enzymes of Various Mitochondrial 
Preparations 
| Per cent reduction 
| Component 
Source Substrate | ¢ | | | 
rations 
State No. 
3 4|,3 4 3 4 
| 
Rat liver 38-Hydroxybutyrate 16) 24, 17, 31, 55 |~100 
| 16; 35) 20, 40, 53 |~100 
o « Succinate 16| 36) 46 ~100 
Guinea pig 12 32, 45 ~60+'~100 
liver | 
« | Glutamate <19'~0 13) 10} 23, 29; 36, 46, 63. ~100 


Heavy rule indicates ‘‘crossover.”’ 

* Fig. 4. 

t As measured for the State 4 to 3 transition. The State 2 to 3 transition is dis- 
cussed later. 


significant difference with the guinea pig material; the oxidation of cyto- 
chrome b and flavoprotein in the State 4 to 3 transition is considerably 
diminished, and cytochrome c, instead of being oxidized, becomes more 
reduced in this transition. In some preparations the changes in cyto- 
chrome b and flavoprotein are too small to be measured accurately. Nev- 
ertheless, DPNH consistently shows large changes. 

The general rule for steady state changes is a consistent gradation of 
the effect along the respiratory chain from an oxidation of the dehydrogen- 
ase to a reduction of the oxidase system. The point of crossover from 
oxidation to reduction is usually between cytochromes c and a but may 
occur between cytochromes c and b or between flavoprotein and DPNH, 
depending upon the relative activities of the components of the respiratory 
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chain or upon the presence of different substrates or inhibitors. So far, a 
“tightly coupled” preparation is distinguished from a ‘loosely coupled” 
one by the greater magnitude of its steady state changes, and not by a 
shift of this crossover point along the respiratory chain. 

Action Spectrum for ADP—Up to this point we have tacitly assumed 
that the respiratory enzymes affected by ADP are those measured at the 
predetermined pairs of wave-lengths used in Fig. 4. In order to test this 
assumption and to reveal any unknown pigments that might be involved 
in oxidative phosphorylation, we have recorded, point by point in the double 
beam apparatus, the optical density changes that occur when one of the 
pair of wave-lengths is varied. In such experiments we have followed the 
sequence of reactions illustrated by Fig. 4 and have plotted in Fig. 5 the 
optical density changes corresponding to the oxidative phosphorylation 
transition (State 3 to 4) and to the total effect of 6-hydroxybutyrate 
addition to an aerobic rat liver preparation (the transition from State 2 to 
4). These changes correspond to a reduction of the respiratory pigments 
(except cytochrome a). Of course, a second addition of ADP would cause 
the absorption bands of Fig. 5 to disappear. 

The results are divided into four spectral regions, each representing the 
information that could be obtained with a single preparation of mito- 
chondria (two rat livers). Some regions of the spectra where preliminary 
experiments showed small changes to occur have not been included. In 
the case of the difficult region, 540 to 570 my, this experiment has been 
repeated five times in order to determine what variations and experimental 
errors occur. At these wave-lengths special monochromators were used 
that permit use of 0.6 my intervals even in the turbid mitochondrial suspen- 
sion. In the region of 590 to 620 muy the sensitivity of the S-4 photo sur- 
face has decreased to such an extent that noise fluctuations obscure the 
result obtained with a rat liver preparation. Thus it has been necessary 
to take advantage of the larger optical density changes obtained in this 
region with a guinea pig liver preparation with glutamate as a substrate.’ 
In plotting these results they have been scaled down to the size charac- 
teristic of the rat liver preparation (cf. Fig. 4). 

Taking up the known respiratory enzymes in the probable order of their 
occurrence in the respiratory chain, we find very little evidence for a de- 
tectable change in the steady state of cytochrome a;, either at 444 or 600 
my, the approximate positions of its y- and a-bands. Our theoretical 
studies indicate that the concentration of the reduced form of cytochrome 
a; should increase during the rapid respiration characteristic of oxidative 
phosphorylation, but the maximal concentration could be too small to 


3 Dr. Henry A. Lardy participated in some of the experiments in which guinea pig 
liver mitochondria were used. 
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detect and yet be adequate to maintain the respiration rate of the mito- 
chondrial system. (The reduction of cytochrome a; is readily detected if 
azide is added.)? 

The oxidation of reduced cytochrome a is observed at 604 my in the 
transition from State 3 to 4. Since the y-band of cytochrome a is relatively 
small, no changes of absorption are to be expected in the region of the 
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Fic. 5. The action spectrum for ADP. The optical density changes corresponding 
to the transitions from State 3 to 4 (O) are measured at a series of wave-lengths in 
the double beam apparatus. These are the absorption bands that disappear upon 
the addition of ADP to State 4. Similar data are plotted for the State 2 to 4 transi- 
tion (@). The reference wave-lengths used are 374 my in the region 320 to 360 mz, 
450 mu in the region of the Soret band, 540 my in the region 540 to 568 my, and 620 
my in the region 590 to 615 mu. Conditions similar to those of Fig. 4 (Experiments 
354, 355, 350). 


Soret band. While this result was obtained with guinea pig material, it 
is most probably applicable to the rat preparation as well. 

The reduction of oxidized cytochrome c in the State 2 to 4 transition is 
clearly observed at 550 mu. The Soret band of cytochrome c appears 
relatively prominently as a shoulder on the Soret band at 420 my. Due 
to the small (4:1) ratio of the y- to a-bands, distinct bands of cytochrome 
cin the Soret region are rarely observed. 

The major contributor to the cytochrome spectrum is cytochrome b, 
which dominates the Soret region with a peak at 431 my in both transitions 
and shows a clear a-band at 564 my as well, although some data give an 
a-band 1 my higher. The position of these bands is at slightly longer wave- 
lengths than is usually reported for cytochrome b. 
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While the transition from State 3 and 4 does not appear to involve any 
other cytochromes, we have observed the shoulder on the cytochrome b 
band at 559 to 560 my in the State 2 to 4 transition in four of the five 
preparations studied in this manner. While the spectral interval is small 
enough (0.6 my) to resolve peaks at 560 and 564 mu, we need further evi- 
dence before we can state that two types of cytochrome b are involved in 
this transition. 

The reduction of oxidized flavoprotein upon the cessation of oxidative 
phosphorylation (State 3 to 4 transition) shows at 455 to 465 my and, 
even though the optical density change is small compared to that of cyto- 
chrome b, we know from independent studies of the non-phosphorylating 
succinic oxidase system that neither cytochrome a; nor cytochrome b has 
this trough in its difference spectrum. 

The ultraviolet absorption band of DPNH produced in the State 3 to 
4 transition is very close to 340 mu, and this result suggests that the in- 
tramitochondrial DPNH involved in the oxidative phosphorylation tran- 
sition is not bound to protein so as to shift the DPNH band to significantly 
shorter wave-lengths. 

In summary, we find that the respiratory enzymes that are specifically 
affected by the transition to the state of oxidative phosphorylation do not 
differ distinctly from the respiratory pigments that are affected by sub- 
strate addition, anaerobiosis, etc. Thus our data afford no support for 
the idea that a special respiratory chain acts in oxidative phosphorylation 
and confirm the idea that the known elements of the chain are the active 
participants. The dominant réle of cytochrome b in the ADP action 
spectrum continues to attract our attention, particularly because this 
enzyme has no function in the non-phosphorylating DPNH and succinate 
oxidase systems (3, 11). 

Limits for Extent of Oxidation and Reduction of Respiratory Enzymes 
Involved in Oxidative Phosphorylation—In the studies described above, the 
computation of the percentage changes in the steady state levels of the 
components depends upon a knowledge of the limits to these levels. We 
have sought independent controls on whether State 2 corresponds to com- 
plete oxidation of the system. It is logical that this be so, for respiration 
is zero in State 2 because substrate, not phosphate acceptor, is limiting. 
Other data support this view: First, we have found that uncoupling agents 
such as dibromophenol also cause a change of the steady state toward in- 
creased oxidation, and the extent of this oxidation is only slightly greater 
than that obtained with ADP (11). Secondly, we have shown that anti- 
mycin A inhibition causes an increased oxidation of State 3 of those com- 
ponents above cytochrome b; this oxidation is again only slightly greater 
than that caused by ADP (State 2). Thus these results afford very strong 
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support for the idea that State 2 of cytochromes a;, a, and c is nearly 
completely oxidized. In the case of the enzymes below cytochrome c in 
the respiratory chain, we have used a third approach, the reversal of 6-hy- 
droxybutyrate dehydrogenase activity by acetoacetate addition. Fig. 6 
illustrates the oxidation of DPNH of aerobic mitochondria by ADP addi- 
tion to give State 2. After the reaction has proceeded towards comple- 
tion for 2 minutes, excess acetoacetate is added to oxidize further any re- 
maining DPNH. It appears that the end-point of the ADP effect (State 
2) very closely approximates that obtained with acetoacetate and that it 
is justifiable to take State 2 as very nearly completely oxidized.‘ 


3.2mM 
==Ncetoacetate 


log Io/1=0.02 
340-374my 


=== 


4 
S.ImM ADP 
Fic. 6. Evidence for the nearly complete oxidation of intramitochondrial DPNH 
in State 2. 2 minutes after adding ADP to State 1, excess acetoacetate is added to 
measure any residual DPNH. Conditions similar to those of Fig. 4 (Experiment 
412e). 


Figs. 1 and 2 illustrate that DPN is already largely reduced in State 4, 
but it is necessary from a theoretical standpoint to know accurately the 
extent of this reduction. Since the slight change of optical density caused 
by the transition from States 4 to 5 could be caused by the reduction of 
pigments other than DPNH, we have used the split beam method to record 
in the region 310 to 400 mu the difference spectrum corresponding to this 
transition. Fig. 7 (States 4 and 5) shows that the rise of optical density 
at the shorter wave-lengths caused by this transition lacks the character- 
istic shape of DPNH absorption, which is illustrated by the transition 
from State 3 to 4. Considering the possible errors of this recording and 
the fact that the total DPNH band (State 2 to 4) is about twice that 


‘ Fig. 6 also gives important information on the accessibility of intracellular pyri- 
dine nucleotide: the same amount of DPNH can be oxidized by the respiratory chain 
as by the B-hydroxybutyrate-acetoacetate system. 
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shown for State 3 to 4, it is estimated that the extent of reduction of 
DPNH in State 4 exceeds 99 per cent. 

State 4 for the remainder of the pigments is much less than 100 per cent 
reduced, and in each case the 100 per cent reduced point must be deter- 
mined. For cytochromes a and c, the anaerobic level can be taken as 100 
per cent reduced, because hydrosulfite addition to the anaerobic mitochon- 
dria produces no further reduction, 7.e. no absorption bands that resemble 


1008) 
+002- States 3-4 


+0.0I- 


States 4-5 


Optical Density Increment (em=!) 


320 350 380 
A(mp) 

Fic. 7. Kvidence for the nearly complete reduction of DPN in State 4. By using 
the split beam spectrophotometer, we record the difference spectrum corresponding 
to the transition from State 4 to 5 and find no DPNH absorption peak at 340 mg. 
For comparison, the State 3 to 4 transition is plotted. Guinea pig liver mitochondria 
with glutamate as a substrate; 25°; isotonic medium (Experiment 434-5). 


those of cytochromes c and a (see Traces | and 4, Fig. 1, Paper II (10)). 
The peak at 426 mu that is recorded under those conditions is not due to 
cytochrome b, which has a peak near 430 mu. The extent of reduction of 
cytochrome b with anaerobiosis may also be checked against that obtained 
with antimycin A treatment, as is illustrated by Fig. 1 of Paper IV (7) 
which shows that the total deflection from the top to the bottom of the 
left trace (eighteen scale divisions) (States 2 to 5) is very nearly the same 
as that from the top to the bottom of the right trace (seventeen scale divi- 
sions). The latter deflection is from State 2 to the level obtained aerobi- 
cally in the presence of antimycin A. (Independent experiments with the 
succinic oxidase system show that there is very little interference from 
«ytochrome c at the pair of wave-lengths used to record cytochrome D.) 
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While the intramitochondrial pyridine nucleotide can apparently be 
equally available to the different dehydrogenases, the flavoproteins have 
prosthetic groups which are firmly bound to proteins that confer different 
specificities upon these enzymes. In order to evaluate the amount of the 
flavoprotein that may be involved in DPNH oxidation, we have observed 
a further reduction of flavoprotein upon addition of antimycin A to mi- 
tochondria in State 4 and find this to be only two-thirds of the amount 
reduced in anaerobiosis in most guinea pig and rat liver preparations. 
Since respiration with 8-hydroxybutyrate, for example, is over 98 per cent 
inhibited under these conditions, we take this two-thirds value to represent 
the maximal amount of flavoprotein that can be involved in DPNH oxida- 
tion and calculate the steady state values on this basis. 


DISCUSSION 


Here we describe in a qualitative manner four distinct characteristics of 
an oxidative phosphorylation system, quantitative aspects being presented 
in Paper V (12). The first is the reversal of inhibition in the respiratory 
chain caused by ADP addition, as evidenced by our spectroscopic data; 
the second, the identification of pairs of adjacent respiratory enzymes that 
can be involved in such inhibition; the third, the identification of a particu- 
lar member of the pair as reacting with the inhibitor; and lastly, identifica- 
tion of an inhibited component as the rate-controlling intermediate. 

The transition from the quiescent State 4 to the active State 3 is no 
isolated phenomenon in the respiratory chain; all spectroscopically detect- 
able components are affected, the general pattern being a reduction of those 
components near oxygen and an oxidation of increasing magnitude of 
those components farther down the respiratory chain. The reduction of 
components near oxygen upon an increase of electron flux through the 
system is not an unexpected change, for it can be shown mathematically 
that the concentration of the reduced form of the terminal oxidase must 
increase upon an increase of electron flux through the system (Paper V 
(12)). The more interesting and novel aspect of our results is the change 
of the steady state levels in the direction of oxidation, for example, of cyto- 
chromes c and b, flavoprotein, and DPNH. Such an effect can only be 
explained by the reversal of inhibiting reactions at one or more points 
along the respiratory chain caused by ADP addition. 

It is more useful to consider the onset of inhibition that occurs when the 
added ADP is exhausted and the State 3 to 4 transition takes place, since 
this is the respiration-inhibiting transition. In fact, a direct analogy can 
be drawn between this transition and the effect of antimycin A. In the 
latter case we have shown for a Keilin and Hartree preparation that the 
steady state levels of cytochromes above the point of action of the inhibitor 
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become more oxidized, while the levels of those below become more re- 
duced (3), and the site of action of the inhibitor is identified by the ‘“‘cross- 
over’’ between oxidation and reduction of the steady state levels. In the 
Keilin and Hartree preparation, antimycin A inhibits the reaction 


c’’’ + reduced dehydrogenase — c’’ + oxidized dehydrogenase (2) 


Depending upon the balance of oxidase and dehydrogenase activities, we 
have been able to identify three crossover points in the mitochondrial 
respiratory chain. The State 3 to 4 transition affects the three reactions 


a’ +c’ (3) 

and 
fp + DPNH — rfp + DPN (5) 


This shows in a simple and direct manner that the initial processes of ox- 
idative phosphorylation, as defined by the reversal of inhibition by ADP 
addition, occur at least at these points in the chain, and not at a single 
point. 

While these crossover points identify three pairs of components whose in- 
teraction is inhibited, no information is given on which member of the 
pair is affected. Independent tests are required. For example, the effect 
of antimycin A upon the reduced component is clearly shown by the fact 
that oxidized cytochrome c can readily be reduced by ascorbate in spite 
of the presence of antimycin A, while members of the chain below cyto- 
chrome c cannot be oxidized. 

An analogous experiment can be carried out with mitochondria that 
have been rendered permeable to DPNH by hypotonic conditions and the 
results are shown in Table III. In this case a preparation that maintains 
a fair degree of respiratory control in State 4 increases its respiratory rate 
(to 73 per cent of the State 3 value) upon the addition of a solution of 
DPNH. Since we observe spectroscopically that a large amount of intra- 
mitochondrial DPNH is already present in State 4, it is concluded that 
this intramitochondrial DPNH differs from the solution of DPNH added 
in that the latter can be readily oxidized without ADP addition, while the 
former can be oxidized only slowly unless ADP is added to give State 3. 
In State 3, the intramitochondrial DPNH becomes as effective in hydrogen 
transport as the added DPNH. This is evidenced by the fact that the ad- 
dition of a solution of DPNH to mitochondria in State 3 gives only a slight 
increase of respiration. In isotonic medium, there is a scarcely measurable 
increase of respiration upon DPNH addition to mitochondria in State 4, 
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in accordance with Lehninger’s conclusion that a permeability barrier to 
DPNH exists (13). 

These results lead us to the conclusion that the DPNH inside the mito- 
chondria in State 4 differs from a solution of DPNH and cannot react 
rapidly with the respiratory chain. Thus the member of the oxidation- 
reduction pair that is inhibited by the exhaustion of added ADP is, in this 
ease, DPNH. Similar experiments with other pairs of respiratory en- 
zymes involved in the crossover phenomenon have not been carried out, but 
it is reasonable to hypothesize that the reduced form is inhibited in those 
cases also. This view is supported by the appreciable amounts of reduced 
pigments other than DPNH observed to be present in State 4 and by other 


TaBLeE III 
Respiration and Phosphorylation in Mitochondria Subjected to Hypotonic Conditions 
(0.11 osm) 
Guinea pig liver mitochondria; 14 mm glutamate as substrate. Added DPNH, 
100 to 200 um (Experiment 464). 


Respiration as per cent of State 3 value 
Conditions Medium 
Isotonic Hypotonic* 
‘* 4+ solution of DPNH.............. 18 73 
‘* 3+ solution of DPNH.............. 110 105 


* Average of six determinations. 


considerations discussed in Paper V (12). On this basis, reduced cyto- 
chromes c and b and DPNH are the spectroscopically detectable compo- 
nents that are inhibited in a way that can be reversed by ADP addition. 

The fact that a crossover can occur between cytochromes a and c or be- 
tween cytochromes c and b (see Table II) (identifying cytochromes c and 
b as sites of phosphorylation, respectively) involves no inconsistency with 
regard to cytochrome c in the second case because no evidence against 
phosphorylation at cytochrome c is advanced. Furthermore, the fact that 
we have been unable to find experimental conditions under which a cross- 
over point exists between cytochromes a; and a does not conflict with the 
results of Nielsen and Lehninger and Maley and Lardy regarding phos- 
phorylation between cytochrome c and oxygen (14, 15). The three sites 
already located probably embrace a sufficient span of oxidation-reduction 
potential to account for three phosphorylations and other sites are un- 
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necessary. At cytochromes b and c¢ a phosphate bond would not be 
formed until a pair of electrons was transferred (see also Paper V (12)). 

Control of respiration to the extent readily obtainable in ‘tightly 
coupled”’ mitochondrial preparations necessitates that the inhibition of 
one of the components of the respiratory chain approach 100 per cent. 
If, for example, respiration in State 3 were to be inhibited by a factor of 
10 by antimycin A addition, cytochrome b and flavoprotein would have 
to reach over 90 per cent reduction in the steady state before the respira- 
tion decreased by the desired factor (unpublished data). Now the only 
component whose steady state level approaches complete reduction (>99 
per cent) in State 4 is DPNH, and thus control of respiration depends 
upon inhibition of the oxidation of this component. 

The respiratory chain of the oxidative phosphorylation system clearly 
differs from that of the non-phosphorylating DPNH oxidase system in 
which Slater has demonstrated that cytochrome b has no function (11) 
and from that of the non-phosphorylating succinic oxidase system in 
which we have shown that cytochrome b has no function. Here we find 
the steady state changes of the cytochromes to be dominated by that 
of cytochrome b with either 6-hydroxybutyrate or succinate as substrate 
(cf. Table I). In view of this result and others to be described later, we 
conclude that cytochrome b does participate directly in electron transfer 
and phosphorylation of the mitochondrial systems and that the non- 
phosphorylating systems are artifacts in which cytochrome b has lost its 
capacity to participate in the respiratory chain. In muscle sarcosomes, 
Holton finds cytochrome b to show a reduction instead of an oxidation of 
the steady state level upon ADP addition (16). A possible explanation is 
that cytochrome b has already lost its function in these sarcosomes since 
their P:O value is only about 1.0. This may afford a rather general ex- 
planation for Slater’s relatively low P:O values (16). 

Our results are relevant to two general theories of oxidative phos- 
phorylation: (1) that a special respiratory chain is involved in oxidative 
phosphorylation (17, 18) and (2) that a special component of the respiratory 
chain is responsible for oxidative phosphorylation (18). Our data show 
(1) that all the components of the chain of Equation 1 are present in the 
ADP action spectrum (the State 4 to 3 transition) and (2) that phos- 
phorylation is distributed along the whole respiratory chain. We find 
that DPNH (or an adjacent component), cytochrome b, and cytochrome 
c are so involved, and the data of Lehninger and Lardy show that phos- 
phorylation occurs between cytochrome c and oxygen. 

Attempts have been made to calculate the steady state levels of the 
mitochondrial respiratory pigments that would give free energy changes 
of a sufficient magnitude to account for phosphorylation at any given site 
(19). We find, however, that the steady state of only cytochrome 4; is 
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sufficiently displaced from the mid-point to affect significantly calculations 
based upon the standard oxidation-reduction potential. It may be that 
the oxidation-reduction potentials of the components of this respiratory 
chain differ from those that have been reported for isolated components 
or for non-phosphorylating systems. 


SUMMARY 


The initiation of oxidative phosphorylation by the addition of ADP to 
a suspension of liver mitochondria causes changes in the steady state of 
the components of its respiratory chain. Spectrophotometric methods are 
used to measure the changes in five components. With 6-hydroxybutyr- 
ate as a substrate for rat liver mitochondria there is a graded series of 
changes from a 4 per cent reduction of cytochrome a, an 8 per cent oxida- 
tion of cytochrome c, a 19 per cent oxidation of cytochrome b, and a 20 per 
cent oxidation of flavoprotein to a 53 per cent oxidation of DPNH. Thus 
we find the whole respiratory chain to be affected by ADP and do not ob- 
serve any single component of the chain to be responsible for oxidative 
phosphorylation. Three pairs of respiratory enzymes have been found to 
be involved in an inhibition phenomenon brought on by the exhaustion of 
added ADP. DPNH is found to exist in an inhibited form in mitochon- 
dria lacking ADP, and, by analogy, it is probable that the components of 
the other two pairs of respiratory enzymes that are similarly inhibited are 
the reduced forms of cytochromes c and b. 
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RESPIRATORY ENZYMES IN OXIDATIVE 
PHOSPHORYLATION | 


IV. THE RESPIRATORY CHAIN* 
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In his visual spectroscopic study of the respiratory chain of intact mus- 
cle and yeast cells Keilin concluded on the basis of the effects of substrates, 
inhibitors, and partial separatior of the components that the reaction se- 
quence of the cytochromes was a — c — b (1), and later Keilin and Hartree 
added cytochrome a; as the terminal enzyme (2). In cell homogenates and 
in purified particulate succinic oxidase preparations this sequence also satis- 
fied visual spectroscopic criteria for a kinetically homogeneous reaction 
chain similar to that of the intact cell. However, later work from the 
same laboratory (3) showed that the respiratory chain of heart muscle 
preparations involved in DPNH! oxidation does not involve cytochrome b. 
Shortly thereafter, work in this laboratory, based upon rapid spectrophoto- 
metric methods, showed that the rate of reduction of cytochrome b is too 
slow for participation in the chain of succinate oxidation by heart muscle 
preparation (4). It has recently been tacitly assumed that the DPNH 
oxidase system involved in oxidative phosphorylation also by-passes cy- 
tochrome 6 (5), although direct spectroscopic studies of respiratory enzymes 
in intact mitochondria were not described. Recent work on DPN H-cyto- 
chrome c reductases by Mahler et al. (6) would seem to support this view 
because this purified enzyme system does not involve a hemoprotein such 
as cytochrome b. Of course, such a purified system does not cause oxida- 
tive phosphorylation. 

On the other hand, our studies of the intracellular DPNH oxidase sys- 
tem of yeast (7) and ascites tumor cells ((8); unpublished data) show 
clearly that a pigment spectroscopically similar to a cytochrome of type b 
is involved. For example, addition of glucose or ethanol to starved yeast 


cells causes rapid reduction of DPNH and of this pigment in a system i in 


which rapid succinate formation is unlikely. 


* This research has been supported in part by grants from the National Science 
Foundation and from the Office of Naval Research. 

! The following abbreviations are used: reduced diphosphopyridine nucleotide = 
DPNH, flavoprotein = fp, adenosine diphosphate = ADP, reduced flavoprotein = 


rfp. 
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The studies reported in this series of papers show conspicuous effects 
of ADP upon the steady state of cytochrome b of intact mitochondria (9), 
especially when 8-hydroxybutyrate is used as a reductant for intramito- 
chondrial DPN. We present here detailed studies of the kinetics of cyto- 
chrome b and of the other spectroscopically detectable components of the 
mitochondrial respiratory chain. From these data it is possible to show 
that cytochrome b participates in the chain of the intact system and to 
establish the sequence of respiratory enzymes involved in oxidative phos- 
phorylation. Our results indicate that the observations on intact cells 
are the correct ones and that cytochrome 6 takes its proper place in the 
DPNH oxidase system of intact mitochondria. 

Preparations and Methods—Details are given in Papers II (10) and III 
(9) of this series. 


Results 


Antimycin A Inhibition—With a non-phosphorylating preparation from 
heart muscle (fragments of the sarcosomal membrane (11)) Slater (3) 
has found that DPNH causes little or no reduction of cytochrome b, even 
though succinate does. He suggests that cytochrome b is concerned ex- 
clusively with the pathway for succinate oxidation. Yet further kinetic 
studies with the succinic oxidase (4) and the purified succinic dehydro- 
genase systems (12) show that cytochrome b is not involved there either. 

The behavior of cytochrome b in the DPNH oxidase system of intact 
liver mitochondria, capable of oxidative phosphorylation, is quite different. 
This is illustrated by Fig. 1, which shows the rapid reduction of this cyto- 
chrome upon anaerobiosis (Fig. 1, 4) and antimycin A treatment (Fig. 
1, B). The mitochondria in both these experiments were first treated with 
ADP to exhaust the endogenous substrate (State 2 (9)); then B-hydroxy- 
butyrate was added to reduce intramitochondrial DPN and cytochrome b. 
The mitochondria are in State 3 for about a minute when State 4 is estab- 
lished because of lack of ADP. A further addition of ADP reestablishes 
respiration in State 3 which soon causes anaerobiosis. This causes cyto- 
chrome b reduction (Fig. 1, A). (Contrary to Ball’s observations on a 
heart muscle homogenate (13), we find no further reduction of cytochrome 
b on adding hydrosulfite.) In Fig. 1, B, excess antimycin A is added to 
the mitochondria in State 3, with the result that there is a rapid aerobic 
reduction of cytochrome b. 

Kinetics of Reduction of Cytochromes b and c—In our previous studies of 
cytochrome b in the non-phosphorylating succinic oxidase system we found 
that the kinetics of reduction of this component violated a fundamental 
theorem for sequential enzyme systems (4); namely, that the rate of change 
of the concentration of intermediates directly involved in the sequence 
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must reach zero when the rate of the over-all reaction falls to zero. By 
using the platinum micro electrode to record the moment at which the 
rate of the over-all reaction falls to zero, owing to anaerobiosis of an oxi- 
dase system, we found that the reduction of cytochrome b, but not of cyto- 
chrome c or a, is definitely prolonged in the non-phosphorylating system. 

This experiment has been repeated for the oxidative phosphorylation 
system of rat liver mitochondria with either 6-hydroxybutyrate or succi- 
nate as a substrate. Since it was necessary to use the double beam tech- 
nique to obtain satisfactory recordings in mitochondrial suspensions, we 
measured cytochromes b and ¢ in independent experiments and compared 
their extent of reduction with the point of inflection in the oxygen trace 


O9mM 
ADP AOP Sym 
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Cytochrome —b (564-575my) 


Fic. 1. Evidence for the reduction of cytochrome b in the DPNH oxidase system 
of mitochondria (A) by anaerobiosis and (8B) by antimycin A treatment. The mito- 
chondria are passed through States 1 to 2 to 3 to insure that DPN -linked 8-hydroxy- 
butyric dehydrogenase activity serves as the reductant. A downward deflection of 
the traces corresponds to an increase of optical density at 564 my. Rat liver mi- 
tochondria; isotonic medium; 25° (Experiment 348b, c). 


which closely corresponds to zero oxygen. Fig. 2 shows that cytochromes 
b and ¢ are reduced almost simultaneously in the mitochondrial prepara- 
tion. With succinate as substrate the extent of reduction for cytochromes 
b and c was 56 and 52 per cent, respectively, when referred to the point 
of inflection of the oxygen trace. The sequence of reduction of the com- 
ponents of the chain is indicated by the results shown in Table I. It may 
be seen (cf. Equation 1) that cytochrome a is the most reduced and DPN H 
the least reduced. A further point of considerable interest is that the re- 
duction sequence is the same with succinate or 6-hydroxybutyrate as sub- 
strate. 

A second kinetic test is the speed of reduction of the components of the 
respiratory chain upon addition of substrate to the substrate-free enzyme 
system. Upon treatment of the mitochondria with ADP to give State 2, 
the steady state levels approach 100 per cent oxidation, and very little 
substrate remains. Upon addition of a substrate such as glutamate, a 
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considerable reduction of DPN, flavoprotein, and cytochrome b occurs 
(State 2 to 3 transition (9)). In order to slow the rates of these reactions, 
a temperature of 4° is used. Fig. 3 clearly shows that the reduction of 


State 3 State 3 ieaicieal 
562-575my my y 
log Ie/I=0.001 tog 
\<56% \«529 reduced 
\ 
[Oxygen] State 5 
SOuM 
k—5O sec. ——>} K— 50 
cytochrome b cytochrome c 


Fig. 2. A comparison of the extent of reduction of cytochromes 6 and c of the mito- 
chondrial respiratory chain at the point of inflection of the respiration trace as meas- 
ured by the platinum micro electrode. The percentage reduction at this moment is 
indicated on the graph and is based on the State 3 to 5 value as 100 per cent. The 
appropriate pairs of wave-lengths and the optical density calibrations are also indi- 
cated. Optical density changes are recorded in the same sense as in Fig. 1. Rat 
liver mitochondria with succinate (20 mM) as substrate and ADP as phosphate ac- 
ceptor. Isotonic medium; 25° (Experiment 313b). 


TABLE I 


Per Cent Reduction of Components of Mitochondrial Respiratory Chain on Transition 
from Aerobic to Anaerobic State 


Rat liver mitochondria in isotonic medium plus ADP. 


Component 
Substrate 
a c b {p DPN 
8-Hydroxybutyrate... .. 291 32 29 21 16 
Suceinate.............. 313 65 52 56 21 


cytochromes 6 and c proceeds at about the same rate in the intact mito- 
chondria, contrary to results obtained with non-phosphorylating systems. 
Table II gives values for the half times for the reduction of cytochromes 
b and ¢, flavoprotein, and DPN. Cytochrome b can be measured at both 
the a- and y-bands. In addition, the initial rates of reduction of these 
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components are calculated by converting the initial slopes of traces, such 
as those of Fig. 3, into micromoles per liter per second. In the case of 
DPNH and flavoprotein the rates are calculated for a 1 electron change. 
The results show that the initial rate of reduction of DPNH and flavo- 


564-575Mp 


550-540Mp , log Io/]=0.001 
log I./]=0.001 
7mM 
Glutamate 
fe 0.019 uM /sec. 
wil 0.015 uM/sec. 
fe) 10 20 Q 10 20 
Seconds Seconds 
Cytochrome-c Cytochrome -b 
reduction reduction 


Fic. 3. A comparison of the kinetics of reduction of cytochromes c and b when 
glutamate is added to aerobic guinea pig liver mitochondria suspended in isotonic 
medium at 4°. Excess ADP was previously added to give State 2. The initial rates 
of reduction are indicated. An increase of optical density at 550 or at 564 my causes 
an upward deflection of the traces (Experiment 440). 


TABLE II 
Comparison of Speeds of Reduction of Components of Mitochondrial Respiratory Chain 


Approximately 5 mg. of protein per cc. 650 um ADP present in reaction medium; 
7 mm glutamate added at 4° (Experiment 440). 


Component 
Ca ba by ip DPN 
Half time for reduction, sec............| 5.7 4.5 6.8 12 28 
Initial rate, wa Fe per sec..............| 0.015 | 0.019 | 0.016 0.07 | 0.064 


protein is much more rapid than that of cytochromes b and c. When the 
reduction rates are compared with the half times for completion of the 
reactions, it is apparent that a relatively small extent of reduction of DPN 
and flavoprotein is required to reduce the cytochromes. 

Kinetics of Oxidation—The kinetics of oxidation of the members of the 
respiratory chain can be studied in two ways: (1) by the addition of ADP 
to the aerobic steady state, which causes oxidation of DPNH, reduced 
flavoprotein, and cytochromes b and c from State 1 or 4 to State 2 or 3 
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(9), and (2) by the addition of oxygen to the anaerobic mitochondria, 
which causes oxidation of all components of the chain (from State 5 to 
State 3, for example). 

The optical density changes that occur upon ADP addition to aerobic 
mitochondria are very small, and, in addition, occur rather rapidly even 
at 4°. Thus we do not have wholly satisfactory results for the reaction 
kinetics. With 0.8 mm ADP at 4° (Experiment 441) preliminary values of 
the half times for the kinetics of oxidation of the steady state (State 1) 
for cytochromes b and c and flavoprotein are ~9, 6, and 7 seconds, respec- 
tively. The half times for the reactions of the three components are about 
the same and that for cytochrome b does not lag appreciably behind the 
oxidation of the other two components. Other data show that the half 
time for oxidation of cytochrome b is less than that for DPNH. 

Oxygenation of the anaerobic mitochondria (transition from State 5 to 
State 3 or 4) gives a much larger optical density change, but the reaction 
is so rapid that it must be measured in the rapid flow apparatus. In order 
to get a satisfactory recording of spectroscopic changes in the flowing stream 
of turbid mitochondria, it is necessary to use a large observation tube 
(1 cm.? in cross-section) and to sustain a flow rate of several meters per sec- 
ond for about 4 second. This would require over 50 cc. of suspension (5 
to 10 mg. of protein per cc.) for a single measurement, were it not for the 
regenerative flow method, which permits as many as thirty measurements 
with a single filling of the apparatus (14). In this method the mitochon- 
dria are mixed with a small volume of oxygenated buffer solution so that 
dilution of the suspension during the discharge is only about 1 per cent. 
This diluted suspension is received in a large syringe from which it may be 
forced back into the flow apparatus for successive experiments (cf. (14)). 
We are thereby able to record kinetic data on five components of the respira- 
tory chain with a mitochondrial preparation from six rat livers.? 

The kinetics of oxidation of the reduced forms of four components of 
the mitochondrial respiratory chain are illustrated by Fig. 4. The top 
trace for cytochrome c is reproduced in full and represents the complete 
cycle of oxidation (upward deflection of the trace) and reduction (down- 
ward deflection of the trace). For these experimental conditions (15 uM 
Ov», 12°) the cycle lasts about 14 seconds. At the start of the experiment 
the driving syringe (volume = 80 cc.) contains anaerobic mitochondria 
plus 6-hydroxybutyrate and ADP. On discharge, this suspension is mixed 
with a stream of oxygenated solution (~1200 um O2), which is flowing at 
1/80 the rate of the main stream to give an initial oxygen concentration in 
the observation tube of 15 um. At the highest value of flow velocity indi- 


2 We gratefully acknowledge the assistance of Messrs. A. Mildvan and L. Ferretti 
in these preparations. 
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cated by the maximal deflection of the flow velocity trace, the time after 
mixing is 11 milliseconds. At this moment the oxidation of cytochrome c 
has proceeded to 46 per cent (p) of its final level of oxidation (po). The 
latter value is obtained when the flow stops. The pseudo first order 


Flow starts 

Fiow Velocity Trace 

550-S4Omyp 
om log 

ISuM—y 
Oxygen Cytochrome c 
oxidationt 
10 20 
Time after flow stops (sec) 
Flow Velocit Traces 


msec) msec 564-575my 465-510 my 


35-630my log lo/1=Q,005 log 1o/1=0.Q10 
log lo/I= 


Cytochrome a Cytochrome b Flavoprotein 


Fic. 4. A comparison of the speeds of oxidation of cytochromes a, c, b, and flavo- 
protein when 15 uM oxygen are added to a flowing stream of the mitochondrial sus- 
pension. A downward deflection of the traces corresponds to an increase of optical 
density at the measuring wave-length. Rat liver mitochondria; 8-hydroxybutyrate 
as substrate; ADP as phosphate acceptor; isotonic medium; 25° (Experiment 367a). 


velocity constant for the oxidation of cytochrome c is calculated by the 
usual equation 


For cytochrome c, k is calculated to be 53 sec! from the above data. 

After the oxygen has been utilized, the suspension becomes anaerobic 
and may be used again to record the kinetics of the other components of 
the system at appropriate pairs of wave-lengths. It is seen that the oxi- 
dation of cytochrome a is nearly complete at the shortest time measured, 
while that of cytochrome b and flavoprotein has scarcely begun. In the 
case of flavoprotein its oxidation causes a downward deflection correspond- 
ing to an increase of optical density at 465 mu. 
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The results of experiments at two oxygen concentrations and tempera- 
tures are shown in Table III. There is a definite graded sequence of re- 
action velocities from cytochrome a; through to flavoprotein, which gives 
strong support to the idea that the members of the respiratory chain act 
in accordance with the sequence in which they have been placed. For 
comparison, we include kinetic data in the non-phosphorylating Keilin and 
Hartree succinic oxidase preparation (2). In this case there is an 8-fold 
decrease of rate between cytochromes b and c, which is not observed in the 
phosphorylating preparation. 


TaBLeE III 
Kinetics of Oxidation of Reduced Respiratory Enzymes of Phosphorylating and 
Non-Phosphorylating Preparation 
In the first two experiments, rat liver mitochon- 
Substrate for mitochondria, 


Regenerative flow apparatus. 
dria used; in the third, pig heart small particles. 
hydroxybutyrate; for small particles, succinate. 


First order velocity constant, sec.~ 
Acceptor Oxygen - Component 

a3 a c b | fp 

uM 
ADP 3 25 368 iss | 120 | 39 20 | 13 
- 15 12 367a 170 53 18 12 

None 3 25 255b 180 87 ll | 

DISCUSSION 


On the basis of four different types of transitions of the oxidative phos- 
phorylation system we find cytochrome b to function rapidly enough to 
claim a position in this respiratory chain with as much justification as the 
other components. While the transitions from aerobiosis to anaerobiosis 
and vice versa are probably the most important from the standpoint of 
over-all functioning of the electron transfer chain, it is very significant 
that cytochrome b also responds rapidly to changes in the aerobic steady 
state, either upon addition of substrate in the presence of ADP (State 2 
to 3) or upon addition of ADP to the system in the presence of substrate 
(State 1 or 4 to State 2 or 3 (9)). 

It is now possible to consider the sequence of the enzymes in the respira- 
tory chain for oxidative phosphorylation. Their gross positions are indi- 
cated by antimycin A treatment, which clearly divides them into two 
groups, cytochromes a3, a, and c and cytochrome b, flavoprotein, and 
DPNH. The relative positions of cytochromes a3, a, and c are the same 
as those in the non-phosphorylating system on the basis of the reaction 
kinetics with oxygen. ‘The relative positions of cytochrome b, flavoprotein, 
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and DPNH are decided as follows: DPNH is taken to be the lowest mem- 
ber of the chain because of the specificity of the glutamic and 6-hydroxy- 
butyric dehydrogenases for DPN. Flavoprotein and cytochrome b are 
somewhat more difficult to place relative to each other because of the in- 
consistent data on the non-phosphorylating systems: (1) Slater’s DPNH 
oxidase system does not require cytochrome b (3), (2) Mahler et al. de- 
scribe a DPNH-cytochrome c reductase that involves a flavoprotein but 
no hemoprotein (6), and (3) cytochrome b;, the microsomal DPN H-cyto- 
chrome c reductase, involves hemoprotein but no spectroscopically detect- 
able flavoprotein (15). Thus we rely upon our kinetic data, which show 
that cytochrome b is oxidized more rapidly and is reduced more slowly (on 
a molar basis, see Table I) than flavoprotein. Thus flavoprotein acts 
between DPNH and cytochrome b. <A qualification to this conclusion is 
that mitochondrial flavoprotein is heterogeneous; different amounts are 
reducible by antimycin A treatment, anaerobiosis, and hydrosulfite treat- 
ment (9, 10). Hence, it is possible that an undetectable amount of flavo- 
protein could act above cytochrome 6b in the respiratory chain. 

At present, it is not possible to observe cytochrome e in the presence of 
the amounts of cytochrome c that occur naturally in the mitochondria. 
In non-phosphorylating succinic oxidase preparations cytochrome e is 
clearly reduced more rapidly than cytochrome b (16). No direct function - 


of catalase and cytochrome b; in the respiratory chain has yet been demon- ; . 


strated. Based upon the components that we actually observe to function 
in the intact mitochondria, we formulate the following respiratory chain 
for substrate oxidation: 


— a; a —c—b — fp — DPN — substrate (1) 


Cytochrome b is the first component of the respiratory chain to be shown 
to lose its function with the loss of phosphorylation activity; cytochromes 
c, a, and a3 participate in both types of activity (9, 17). A change in the 
activity of cytochrome c may occur upon the loss of phosphorylation; as- 
suming that the data of Table III are suitable for such a comparison, the 
reactivity of cytochrome c of the non-phosphorylating system may be 
greater than that of the phosphorylating system. Other differences in the 
respiratory chains for the two types of activity may well exist, for example, 
in flavoprotein function. | 

Another aspect of cytochrome b function is that the turnover number 
of the whole respiratory chain of mitochondria is set at a lower level than 
that of the non-phosphorylating system, which does not involve cyto- 
chrome b (10). We may speculate that electron transfer in the phosphoryl- 
ating system proceeds at a rate limited by the cytochrome b kinetics and 
that the more rapid electron transfer in the non-phosphorylating systems 
is not so limited. 
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Mitochondria that have been disrupted with water and washed with 
saline show a reduction of cytochrome b by succinate that is slow compared 
to that of cytochrome e (10, 16). They behave like Keilin and Hartree’s 
succinic oxidase preparation (2) in which reduction of cytochrome b is 
slow (4). However, upon addition of DPNH the latter preparation shows a 
negligible reduction of cytochrome b, while the washed mitochondrial par- 
ticles show a relatively rapid reduction of this cytochrome. At first sight 
these two experiments appear to be contradictory, but closer inspection 
reveals that the enzyme chains involved in the two systems are different. 
The appreciable microsomal contamination of the mitochondrial particles 
gives them an alternative reductase pathway not present in the Keilin and 
Hartree heart muscle particles. Thus, whereas the heart preparation is 
completely 2,3-dimercaptopropanol- and antimycin <A-sensitive (3), the 
washed mitochondrial particles show a considerable insensitivity to anti- 
mycin A (16, 18, 19). 


SUMMARY 


On the basis of kinetic and inhibition studies of phosphorylating liver 
mitochondria it is concluded that cytochrome b participates directly in 
DPNH oxidation, as contrasted to its non-participation in the non-phos- 
phorylating DPNH oxidase systems. The sequence of enzymes in the 
mitochondrial respiratory chain is given, with especial reference to cyto- 
chrome b and flavoprotein. 
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In a preceding paper (1) we have used, as an explanation of spectroscopic 
changes observed in oxidative phosphorylation, an analogy between anti- 
mycin A inhibition of the respiratory chain and the inhibition of mito- 
chondrial respiration which is brought about by the exhaustion of added 
ADP.' The latter process causes a 10-fold decrease of respiration rate 
and, in addition, changes in the steady state oxidation-reduction levels of 
spectroscopically detectable members of the respiratory chain involved 
in oxidative phosphorylation (1). In this paper we describe three types 
of inhibiting reactions that can affect steady state levels in the respiratory 
chain and analyze one of these mechanisms in detail by analytical and 
analogue computer methods. It has been possible to formulate a few 
general relationships between changes in steady state oxidation-reduction 
levels caused by the State 3 to 4 transition and the sites involved in 
oxidative phosphorylation. 

Effects of Changes in Steady State Levels and Reaction Velocity Constants— 
In order to explain the effects of changes in concentration and rate con- 
stants upon the mitochondrial respiratory sequence of Paper IV (2) it is 
preferable to write both the oxidation (Equation 1) and reduction (Equa- 
tion 2) sequences in the following form, which emphasizes that the mech- 
anism postulates two irreversible reaction sequences. 


ks ky ky ku kis butyrate (2) 


If the two chains are written as above, it is seen that the two reactants 
for the oxidation-reduction reaction are opposite one another and that the 


* This research has been supported in part by grants from the National Science 
Foundation and from the Office of Naval Research. 

' The following abbrevations are used: adenosine diphosphate = ADP, flavopro- 
tein = fp, reduced flavoprotein = rfp, diphosphopyridine nucleotide = DPN, re- 
duced diphosphopyridine nucleotide = DPNH, adenosine triphosphate = ATP, in- 
organic phosphate = P;. 
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velocity constants with the same subscript are for the same reaction. 
This represents a shorthand notation for the separate equations for this 
sequence (3). 
The respiration rate of such a system is given by the equation 


= k 
143" (3) 


and either /; or cytochrome a;” must be increased on the transition from 
State 4 to 3 (cf. (1)) caused by ADP addition. Thus each one of the 
mechanisms presented here must satisfy the requirements of our experi- 
mental data, z.e. that respiration increases on this transition and that 
components of the respiratory chain below cytochrome a become more oxi- 
dized. 

In order to examine the factors that can cause a change of the steady 
state level of the chain toward oxidation, concomitant with increased res- 
piration and cytochrome a; reduction, we shall explore the effects of 
changes in concentration upon a particular oxidation-reduction reaction 
of the respiratory sequence, for example 


+ b” ky + (4) 


The effects of these changes upon other members of the chain can readily 
be observed by inspection of Equations 1 and 2. 

Case 1—If the concentration of the oxidized form of one of the com- 
ponents increases, for example c’’’, the reaction of Equation 4 proceeds 
more rapidly and c” and b’” are formed. c” reacts further with a’” to 
give a”, and a” reacts with a;’” to give a;”._ Component b’” reacts with 
rfp to give fp. Thus the concentration of the reduced form of the com- 
ponent affected increases; the components on the oxygen side are reduced 
and those on the substrate side are oxidized. 

Case 2—If the concentration of a reduced form increases, for example 
c”, the reaction with a’” proceeds more rapidly and c’”’ and a” are formed. 
Additional reactions produce more b’”’ and a;”. The increase of the latter 
causes the respiration to increase according to Equation 3. Thus the 
concentration of the oxidized form of the component affected increases; 
the components on the oxygen side are reduced and those on the sub- 
strate side are oxidized. 

Case 3—If a reaction velocity constant, for example k;, is increased, 
c” and b’” are increased as in Case 1, and the sequence of changes would 


produce more 
Inhibitory Reactions*—In order to cause changes in the steady state levels 


2 The possibility that an activator of respiration is formed upon ADP addition is 
rendered unlikely by the fact that systems that do not utilize ADP (succinic oxidase, 


etc.) respire maximally. 
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of the components in the respiratory chain, according to Cases 1 and 2 
only, concentrations can be altered and the simplest hypothesis for such 
alterations is that an inhibitory reaction has occurred (State 3 to 4 transi- 
tion) or that an inhibitory reaction has been reversed (State 4 to 3 transi- 
tion). 

Here we use “inhibitory” in its broadest sense, and, while we can write 
down only the chemical symbolism shown below for the binding of the 
enzyme by an inhibitor, we wish specifically to include the possibility of 
inhibition by loss of accessibility caused by changes in the mitochondrial 
structure. In interpreting the spectroscopic changes that we have re- 
corded, we must take into account the presence of not two but three forms 
of the respiratory enzymes: oxidized, reduced, and inhibited compounds. 
One of the results of our spectroscopic studies of the State 3 to 4 transition 
is that the positions of the absorption bands recorded in this transition agree 
very closely with those of the ordinary oxidized and reduced forms. There 
are only two small discrepancies: (1) Antimycin A treatment gives a cyto- 
chrome b band at 563 my, while ADP gives a band at 564 or 565 mu. (2) 
Flavoprotein shows only a peak at 465 my; the usual band near 360 my 
is not observed. These small differences do not yet afford an adequate 
basis for a spectroscopic distinction between the inhibited compounds and 
the ordinary oxidized and reduced forms. We then proceed with the dis- 
cussion on the basis that the only two spectroscopically distinct forms are 
oxidized and reduced, either of which could combine with the inhibitor 
with no appreciable change of absorption spectrum. 

Slater’s hypothesis for oxidative phosphorylation (4, 5) is similar to 
Case 1, in which the oxidized form of the respiratory enzyme is bound by 
the inhibitor, 7. In previous theories the letters A, B, and C were used to 
designate the oxidation-reduction couple (AH. + 8B) and the carrier C. 
Here we can specify the oxidation-reduction couple and, in addition, wish 
to emphasize the properties of C as an inhibitor of electron transport by 
using the letter 7. In a typical oxidation-reduction reaction, J is present 
in the mitochondria and combines with the oxidation product to conserve 
a part of the free energy change of the reaction, as for example 


+b’ I (5) 


The nature of compound J is not known, although there is evidence which 
suggests that it is not phosphate: the State 4 to 3 transition is caused by 
uncoupling agents such as dinitrophenol or dibromophenol, but not by 
ADP, when the mitochondria are suspended in a phosphate-free medium. 
The substance, 7, could of course be a protein. 

We also find experimentally that a rate-limiting step intervenes between 
the high energy (~]) compounds and ADP. This could be attributed toa 
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permeability phenomenon or to an intervening intermediate transfer reac- 
tion involving a compound X. 


I+ X— X~I + (6) 
The final reaction may well occur on the surface of X. 
X~I+ P; + ADP — X + 1+ ATP (7) 


X ~ I could also break down spontaneously or on reaction with uncoupling 
agents (5). 

Equation 6 is the reaction in which the inhibition is reversed and the 
reactive b’” is released to participate in the respiratory chain. If this is 
the only reaction by which the inhibited respiratory enzyme can reenter 
the respiratory chain, the P:O value is fixed and the process is non-com- 
petitive. If the ~/7 compound could react with the respiratory chain in a 
manner that did not allow transfer to X as in Equation 6, the mechanism 
would be a competitive one and the P:O value would depend upon the 
relative rates of the two reactions. The competitive mechanism would 
permit non-integral and even variable P:O values as a function of tem- 
perature, since relative reaction rates determine the result. We shall dis- 
cuss here the non-competitive or obligatory mechanism of Equations 5, 
6, and 7, but including the modification indicated by Equations 8 and 9, 

Thermodynamically the free energy change from the reaction of a pair 
of cytochromes may be too small to allow the formation of ATP. In this 
case the X ~ J intermediate may be required to participate as an electron 
acceptor along with the cytochrome in a 2 electron reaction of adequate 
free energy change. 

In Paper III (1) DPNH is found to exist in an inhibited form in mito- 
chondria lacking ADP, a result requiring modification of current hypoth- 
eses. Thus we shall examine as a preferred framework for data evalua- 
tion and for the planning of experiments a mechanism (Case 2) in which 
the reduced and not the oxidized forms of the respiratory enzymes are 
bound by the inhibitor. As far as thermodynamics is concerned, it makes 
no difference whether a portion of the free energy change of the oxidation- 
reduction reaction is conserved in the oxidized or reduced reaction product. 


The reactions are 


(9) 


I+ ~I + 


In order to avoid writing the termolecular reaction (Equation 8), it is 


ks | 
| 
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useful to consider that J is already bound to the respiratory enzyme in a 
low energy form. The bimolecular oxidation-reduction reaction is then 

J + bh’? + (10) 
It should be noted that the energy for the formation of the ~7 compound 
need not be conserved in the oxidation-reduction reaction of Equation 8 
or 10; it could have been conserved by the enzyme in its previous reaction 
eycle in the chemical structure designated by the asterisk. 


c”’ + qi (c’’’)* + a” (11) 
(13) 


On the basis of the minimal hypothesis represented by Equations 7, 9, 
and 10 we may now trace through the sequence of, reactions that occur in 
the transitions from State 4 to 3 and vice versa: (1) State 4 is character- 
ized by a lack of ADP and X and an accumulation of the ~J compounds 
of the reduced forms of the respiratory enzymes, in agreement with the 
large steady state reductions observed in State 4. (2) Addition of ADP 
releases X (Equation 7), which permits the transformation reaction (Equa- 
tion 9) to proceed and release c” from the inhibiting compound. No sig- 
nificant spectroscopic change accompanies Equation 9 as discussed above. 
(3) The increase in the concentration of uninhibited c” now initiates the 
sequence of reactions in the respiratory chain described under Case 2; 
ce” and a” are formed as are b’” and a;”. This is in agreement with the 
spectroscopic observations of the State 4 to 3 transition. (4) As the added 
ADP is exhausted, the sequence of changes is reversed, State 4 is reestab- 
lished, and respiration is again limited. 

As was discussed in Paper III (1), the crossover point from reduction to 
oxidation of the steady state levels in the State 4 to 3 transition can be 
caused to move down the respiratory chain by the addition of low con- 
centrations of azide, and the explanation based on Equations 7, 9, and 10 
can be applied equally well to each pair of components identified by the 
crossover phenomena, cytochromes a and c, c and b, and flavoprotein and 
DPNH. The integrated action of these several phosphorylation sites is 
much more easily discussed on the basis of some rather general observa- 
tions of the properties of these systems based upon analogue computer 
studies (see below). It is useful, however, to summarize our hypothesis at 
this point. 

Interaction of Respiratory Chain and Inhibiting Reactions—Equations 1 


reac- 
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and 2 can then be combined with Equations 7, 9, and 10 to summarize this 
modified hypothesis for the mechanism of oxidative phosphorylation. 


ks ks ky ky ku 


DPN acetoacetate (14 


a;’"" 


butyrate | 


X, Ix, P, X, | 
ADP |ADP ADP 


At the present time our experimental data indicate the possibility of 
phosphorylation at c” and b” and at DPNH (see Paper III (1)). The data 
of Maley and Lardy (6) and Nielsen and Lehninger and Slater (7) suggest 
a phosphorylation at a” or a;”, while the experiments of Loomis and Lip- 
mann (8) and Copenhaver and Lardy (9) demonstrate phosphorylation 
between substrate and the point (as yet unknown) at which ferricyanide 
intervenes. Our data do not rule out phosphorylation at cytochromes 
a3, a, or flavoprotein. Thus, there could be more than three sites for the 
following reasons: (1) The value of P:O per site has not yet been proved 
to be unity for all sites in any experimental study. (2) The phosphoryla- 
tion measured on a portion of the system may not play the same rdle in 
the intact system. (3) Depending upon whether the formation of the ~/ 
compound is non-competitive or competitive, the P:O ratio for each of 
the five sites might either be fixed or vary with the reaction kinetics. 

Our hypothesis represents a good framework for the evaluation of our 
experimental data and is, in fact, in good accord with a number of their 
qualitative aspects. The theory is, however, a rudimentary one, and it is 
important to point to its deficiences so that they may be remedied if and 
when it becomes inadequate in its present form: (1) The respiratory chain 
represents only single electron transfer reactions and does not explain 
oxygen reduction or flavoprotein oxidation. Experimental evidence is 
lacking at present on either intermediates of cytochrome a, and partially 
reduced oxygen or semiquinone forms of flavoprotein in the intact mito- 
chondrial respiratory chain. (2) Irreversible reactions are represented. 
The reversibility of the DPN-linked dehydrogenase reactions can be neg- 
lected with substrates such as 8-hydroxybutyrate or glutamate when they 
are present in large excess over the reaction products. The reversibility 
of the reaction between DPN and flavoprotein can be tested in the intact 
mitochondria by adding excess ammonium ion to reverse the reaction ‘ 
catalyzed by glutamic dehydrogenase. If this reaction is carried out under 
anaerobic conditions, the DPN formed should react with reduced flavo- 


| 
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protein as follows: 
DPN + rip -— DPNH + fp (16) 


In spite of the considerable oxidation of DPNH that can be obtained in 
the anaerobic mitochondria in this way, no oxidation of flavoprotein or cyto- 
chrome was deteeted. In view of the failure to obtain reversibility at this 
point in the chain, it is difficult to test points above this with physiological 
oxidants. 

Reversibility of the phosphorylation reactions can also be tested. If, 
for example, a large excess of ATP was added, the reversal of Equations 
7 and 9 would cause just the reverse series of steady state changes that we 
observe upon ADP addition. DPN, flavoprotein, and cytochromes b and 
ce should become more reduced. Our experimental results indicate that 
these reactions are difficult to reverse: Fig. 2, A of Paper III (1) shows that 
an oxidation of DPNH occurs when ATP is added to mitochondria in 
State 4. An unpublished experiment in which ATP is added to State 2, 
a more favorable condition for demonstrating irreversibility, also rules 
against appreciable reversibility: 60 um ADP were added to a “tightly 
coupled” guinea pig liver preparation to exhaust the endogenous substrate 
and give State 2 with only a small excess of ADP remaining. On adding 
6mm ATP there was no reduction, but a slight further oxidation of DPNH 
instead (Experiment 411c). The further oxidation may well have been 
caused by ADP formed from ATP. It appears that, even though certain 
transphosphorylation reactions can be shown to be rapidly reversible by 
tracers (10), it cannot yet be stated that oxidative phosphorylation is re- 
versible (11) until the respiratory enzymes are shown to be correspond- 
ingly affected. 

Mechanisms Influencing Reaction Velocity Constants—The hypothesis 
proposed in Case 3 is that the velocity constant for the oxidation of a re- 
duced respiratory enzyme is increased on transition from State 4 to 3. 
Its applicability can be investigated without the need to explain the 
mechanism for the change of the velocity constant, although physical 
changes in the orientation of the members of the respiratory chain could 
readily be responsible. It is possible to compute from the experimentally 
observed changes in the steady state levels caused by the transition from 
State 4 to 3 the corresponding changes of velocity constants that would 
be required by this hypothesis. These values can then be compared with 
those obtained by direct experiments on the rapid reactions. 

From the differential equations that represent the kinetics of the se- 
quence of reactions of Equations | and 2, it is possible to obtain steady 
state solutions for the ratios of the velocity constants for successive steps 
in sequence. For example, the differential equation representing the ki- 


446 RESPIRATORY ENZYMES. V 


netics of Equation 4 is 
rT (17) 


From this the ratio of k7:k, is readily computed for the steady state in 
which the derivatives, db” /dt, etc., are zero. 


ky 
ks 


(18) 


The equations are similar for the other steps of the sequence of Equation 
1 and may be represented by the general term 


kn oxidized, reduced, ,; 
hast reduced, oxidized, ; 


where oxidized and reduced are the concentrations of the oxidized and re- 
duced forms, respectively, and n is the number of the component in the 
sequence of Equations | and 2 (oxygen = 1, substrate = 8). This gen- 
eralized symbolism may lead to confusion as to the subscript for k and is 
to be used as follows: for n = 5, as in Equation 18, Equation 1 shows that 
oxidized, is b’’”’ and that ks is to be read as k; as shown in Table I. 

The general equation is calculated for both States 3 and 4 (as denoted 
by the subscripts in Equation 20) and the ratio of the velocity constants 
for the two states is obtained. 


(19) 


oxidized, reduced, 4 1 

(kn ( reduced, oxidized, — >) 

(ka oxidized, reduced, 4 1 (20) 
reduced, oxidized, — 


& 

This expression can be simplified if the reduction of DPN by 8-hydroxy- 
butyrate is regarded as a non-phosphorylating reduction reaction. If so, 
the transition from State 3 to 4 would have no effect upon the velocity 
constant ky3 (7.e. (ki3)3 = (kis)4) or the steady state levels of 8-hydroxybu- 
tyrate and acetoacetate (i.e. (reduced,,1)3 = (reduced,+41)4). Conse- 
quently, the ratio of (k1:)3 to (ki), is expressed by 


oxidized; 1 ) 
(kit) s Ge. oxidized, /; 
1 ) 
reduced; oxidized , 


(21) 


This ratio is then substituted into Equation 20 with the appropriate steady 
state values to calculate (k»9)3:(ks)4 and so on for the other ratios. It 
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should be noted that Equation 20 applies equally well to the concentra- 
tion as to the percentage oxidation and reduction of the components in the 
two states; the total concentrations of the components, which in this 
simple formulation are assumed to be the same in the two states, cancel 
out. Data calculated on this basis are summarized in Table I. 

The calculated values for the ratio of the reaction velocity constants in 
the two states are extremely large for all components except cytochromes 
a and a;. Experimentally we can test whether the velocity constants for 
the oxidation of the reduced respiratory enzymes by oxygen are affected 
to the extent indicated in Table I. Such an experiment was carried out 
in the regenerative flow apparatus (see Paper IV (2)), but no changes of 


TABLE I 


Effect of ADP upon Steady State of Respiratory Enzymes, Calculated As Change in 
Reaction Velocity Constant 


Data from Paper III (1). 


Component ... as a b fp DPN | AcAc 
2 3 4 5 6 7 8 
Reduction in State 3, 0.4° 4 6 16 20 53 
= ' 0.1° 14 35 40 >99 
Reaction velocity constantt ky ks ky ko ku kis 
Ratio, velocity constant in State 3 
to that in State 4..... eteneieras 2.6 2.6 155 130 83 73 l 


* Estimates considering the probable error of the spectrophotometric data and the 
requirements of Equation 3 for the observed change of respiration rate in the State 
3 to 4 transition. 

t See Equation 1. 


the velocity constants approaching those indicated by Table I were ob- 
served. To control the possibility that the mitochondria used in the flow 
apparatus were somehow damaged so that State 4 could not be obtained 
(i.e. the preparation may have acquired a higher ATPase activity), we 
have also studied the oxygenation of anaerobic mitochondria contained in 
an open cuvette at 4°. Although the mixing time for oxygen was on the 
order of 3 second in this case, a comparison of the rates of oxidation with 
those measured with the flow apparatus clearly proved that the oxidation 
of cytochromes c and b, flavoprotein, and DPNH was not decreased by the 
large factors indicated by Table I.’ 


3 Our reasoning follows. If one assumes that the pseudo first order velocity con- 
stants of Table III of Paper IV (2) correspond to the appropriate values for a prepa- 
ration in State 3 at 12° (53, 18, and 12 sec.~' for cytochromes c and b and flavoprotein, 
respectively), these values would be divided by the factors given in Table I of this 
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Analogue Computer Studies—In order to test the reaction mechanism 
represented by Case 2 (Equations 14 and 15) in more detail we have used 
an analogue computer representation of the following abbreviated reaction 
chain for oxidative phosphorylation because the number of reaction steps 
that can be simulated by this computer is limited to about eight. Thus 
steps in the respiratory chain between cytochrome c and DPNH must be 
omitted. 


ADP ks|ADP 


c’’~P DPNH~P 


It is also necessary to eliminate the intermediate X ~ J and assume that 
ADP reacts directly with a phosphorylated form of the reduced respira- 
tory enzyme. The obligatory or non-competitive phosphorylation sys- 
tem is represented in these solutions. 

The system has been set up with steady states in the absence of phos- 
phate acceptor (State 4) corresponding roughly to those observed experi- 
mentally for State 4 (see Paper III (1)), z.e. a large reduction of DPNH 
with smaller reduction of the other components. These steady state levels 
are set up by the computer before the beginning of Fig. 1, A (left-hand 
edge) and are regained after the added ADP is used up, as indicated by 
the plateaus on the right-hand portions of the traces. The extent of re- 
duction is read directly from the vertical scales, 1 um corresponding to 
100 per cent reduction. 

At time = 0 on the scale, 10 um ADP are added to cause the transition 
from State 4 to 3 and are utilized, as shown by the downward deflection of 
the traces on Fig. 1, B. It should be noticed that the ADP level does not 
fall to zero as State 4 is regained; the computer includes a little “ATPase” 
activity. There is a 3-fold increase in the respiration rate upon ADP 
addition, as shown by the oxygen trace, and this rate persists during 
State 3 and falls to the State 4 rate as the ADP level falls. The P:O 
value for the system is 2.0. 

The changes in the levels of the respiratory enzymes, as illustrated by 
Fig. 1, A, indicate an oxidation of DPNH and cytochrome c (downward 
deflection) and considerable reductions of cytochromes a and a; (upward 


paper (155, 130, and 83, respectively). The values should have been readily meas- 
urable with a mixing time of } second, which is sufficient for a measurement of a ve 
locity constant of 1 sec.~! (see Chance (12)). However, we recorded very rapid oxi 
dations of the components experimentally. 
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deflection). The quantity recorded is the sum of the concentrations of 
the free reduced forms and those bound as the ~/ compounds because 


+ DPNH*I 


Time (sec) 


STATE 3 STATE 4 


10 
Time (sec) 

Fic. 1. Analogue computer representation of the transition from State 4 to 3 for 
the abbreviated respiratory chain of Equations 22 and 23. The kinetics of the re- 
duced forms of the respiratory enzymes are represented in A and the kinetics of 
oxygen and ADP utilization are shown in B. The reaction velocity constants are 
ky = 2X 10°, ks = 9 X 108, ky = 2 X 10°, kg = 1.8 XK 10°, kg = 0.9 K 108M"! X 
Since the concentrations of oxygen and B-hydroxybutyrate are assumed to be large 
compared to the ADP utilization, the product k; [O2] is set at 2 sec.~' and ky [6-hy- 
droxybutyrate] is set at 3 sec.-'. The initial enzyme concentrations are all 1 uo. 
The steady state values for cytochromes a;, a, and c, and DPNH in State 4 are 13, 
17, 34, and 92 per cent reduced, respectively. In State 3, the respective values are 
38, 66, 28, and 72 per cent reduced, the crossover point being between cytochromes 
aandc. The P:O value is 2.0 (Experiment AC63). 


these two substances are assumed to have the same absorption spectrum. 
The crossover point is between c and a, as would be expected from the loca- 
tion of the phosphorylation steps in Equation 23. 
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DISCUSSION 


On the basis of the reaction sequences of Equations 14 and 15, mathe- 
matical formulations for special forms of these equations, and analogue 
computer studies of the abbreviated system of Equations 22 and 23, it is 
possible to make a few generalizations on the response of the respiratory 
chain to the initiation of oxidative phosphorylation (transition from State 
4 to 3) according to Equations 7, 9, and 10 (Case 2) in which the trans- 
formation reaction does not cause a spectral shift: (1) For a single phos- 
phorylation step, the component involved will become more oxidized, and 
components on the oxygen side will become reduced and those on the sub- 
strate side oxidized. (2) If two phosphorylations occur together (for ex- 
ample, at c and b), the component nearer oxygen may or may not show an 
oxidation and the one nearer the substrate will show an oxidation. (3) 
In a system that shows a consecutive sequence of oxidations (for example 
at c, b, fp, and DPNH) in which the last site (DPNH) is otherwise known 
to be a site of phosphorylation, then the remaining sites showing an oxi- 
dation are involved in phosphorylation. These theorems have been shown 
to be true for a variety of conditions that have been used in analogue 
computer studies and have mathematical generality as computed from the 
sign of the change of concentration of the component a very short time 
after the transition. 

The generalization that has the greatest experimental usefulness and 
that has been investigated most fully is the crossover theorem which is 
based largely upon statements (1) and (2) above: in a sequence of steady 
state changes following the initiation of oxidative phosphorylation, in- 
volving reduction of the components near the oxidase and oxidation of the 
components near the dehydrogenase, the component on the oxidation side 
of the crossover from reduction to oxidation is identified as a site of phos- 
phorylation. This theorem identifies cytochromes c and b and DPNH 
as sites of phosphorylation. If statement (3) is taken into account, flavo- 
protein must also be considered. But until that site also shows the cross- 
over behavior, no definite conclusions are drawn regarding the function 
of flavoprotein in phosphorylation. 

In a reaction mechanism involving inhibition of the oxidized, and not 
the reduced, formsof the respiratory enzymes, this crossover theorem identi- 
fies the components on the reduction side of the crossover as sites of phos- 
phorylation (cytochromes a’”’, c’’”’, and flavoprotein). This possibility has 
already been rejected because DPNH has been shown by direct studies to 
be present in the mitochondria in an inhibited, reduced form (1). On this 
basis cytochromes a’” and c’”’ may also be rejected as sites of phosphoryl- 
ation, otherwise the consecutive sequence of oxidations of the steady 
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state level (cytochrome ¢ to DPNH) would have been interrupted. 


SUMMARY 


A consideration of the possible ways in which the respiration can be 
controlled and steady state levels of the components of the mitochondrial 
respiratory chain can be altered by the initiation of oxidative phosphoryla- 
tion indicates that a preferred hypothesis involves the release of the 
reduced forms of the respiratory enzymes from an inhibitory compound 
through interaction with the phosphate acceptor. On the basis of such a 
mechanism it is possible to identify a component of the respiratory chain 
that participates in oxidative phosphorylation as one that is on the oxida- 
tion side of the crossover from oxidation to reduction in the sequence of 
steady state changes along the chain caused by the initiation of phos- 
phorylation. 
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PHOTOCHEMICAL ACTION SPECTRA OF CARBON 
MONOXIDE-INHIBITED RESPIRATION * 
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The hemoprotein respiratory enzyme which reacts directly with molecu- 
lar oxygen was characterized by Warburg and coworkers (1) on the basis 
of the action spectrum of the photochemically reversible inhibition of 
oxygen uptake by carbon monoxide. Their classic technique for detect- 
ing the Atmungsferment, or ‘‘oxygen-transferring enzyme,” has been ap- 
plied successfully to only a few organisms (2-7), and variations in these 
spectra, both among themselves and in comparison with spectroscopic 
data, have not been satisfactorily explained (8), nor have the experiments 
been repeated. 

Cytochrome oxidase, as characterized by Keilin (9) and Keilin and Har- 
tree (10) in heart muscle, is now generally considered to be identical with the 
oxygen-transferring enzyme (1, 11) and also with cytochrome a3, which is 
identified spectroscopically by its photodissociable CO compound (12, 13). 
In bacteria cytochromes a, and az also form CO compounds (14-16), al- 
though up to now cytochrome a2-CO has not been definitely demonstrated 
to be dissociated by light. A “CO-binding pigment” has also been observed 
in bacteria. This has a photodissociable CO compound with the spectrum 
of a protohemin, rather than of a cytochrome of typea. In the absence of 
proof of its activity in respiration it has not been given a more distinctive 
name (13). 

This paper describes a new and sensitive apparatus for performing the 
classic Warburg experiment and presents evidence that cytochromes a, 
and a; and the protohemin-like CO-binding pigment are separate and dis- 
tinct oxygen-transferring enzymes. The réle of cytochrome az will be con- 
sidered in a later paper. i 

The action spectrum method is applicable to those organisms in which 
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oxygen uptake is competitively inhibited by carbon monoxide and in which 
this inhibition is decreased under illumination by visible or ultraviolet 
light. Three assumptions are necessary, all of which have been demon- 
strated by Warburg (1) to be reasonable ones. They are that (a) CO 
competes with oxygen for the terminal respiratory enzyme, (b) increased 
oxygen uptake in the light results from decomposition of the enzyme-CO 
compound by quanta which are absorbed by it, and (c) the photochemical 
efficiency of the decomposition is independent of wave-length. It follows 
from (b) and (c) that the effect of light of any wave-length on the oxygen 
uptake is a function of the product of its quantum intensity and the ex- 
tinction coefficient of the enzyme-CO compound, or, converting from 
quantum to energy units, 


Wor 
(1) 


where « and «2 are extinction coefficients of the enzyme-CO compound 
at wave-lengths \; and As, respectively, and W),; and Wz are the corre- 
sponding intensities (in energy units) which produce identical rates of oxy- 
gen uptake. Although the absolute magnitudes of the extinction coeffi- 
cients can be determined by making further assumptions concerning the 
kinetics of the dark-light transition (1, 13), Equation 1 is independent of 
the details of the kinetics. However, it provides only relative values 
of the extinction coefficients. In this paper, the reference wave-length, 
Ae, will be taken as 550 mu. 


EXPERIMENTAL 
Apparatus 


The development of a polarographic technique, utilizing a platinum 
micro electrode, for determining the concentration of oxygen in solution 
(17) leads to a method for determining the action spectrum of respiration 
which has three advantages over the classical manometric method. First, 
experimental uncertainties are minimized by using the electrode as a null 
device; 2.e., the photochemical effect of light of various wave-lengths is 
compared with that of light of fixed color. For each monochromatic wave- 
length, the intensity of the comparison light is adjusted until no change 
in oxygen uptake is observed on shifting back and forth between the two 
illuminations. Secondly, since the light intensity and wave-length can be 
varied without stirring or other disturbance to the concentration gradient 
around the electrode, changes in rate of oxygen uptake of the order of | 
part in 1000 can be detected. Thirdly, since the small size of the electrode 
permits the available light to be focused as an image of the source, suf- 
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ficient intensity is obtainable from an ordinary grating monochromator 
illuminated by a tungsten lamp. 

The electrode (Fig. 1) consists of a length of 0.008 inch platinum wire 
sealed in glass of about 2.5 mm. diameter, the tip of which is ground to an 
approximately 2 mm. curvature. It is set a small distance from a glass 
window, so that a drop of respiring cells, suspended in buffer, can be in- 
serted at the tip. Electric current produced by an external electromotive 
force of approximately 0.5 volt passes through the buffer solution from a 


Light 


Fic. 1. Diagram of the electrode chamber and connections to it (not to scale) 


silver electrode to the platinum electrode, at which the oxygen is reduced. 
The principle employed here is an adaptation of that used by Connelly, 
Bronk, and Brink (18) for nerve fiber. As a result of the opposing effects 
of respiration and diffusion of oxygen from the surface, a steady state 
gradient of oxygen concentration is set up within the drop. A small 
change in respiration alters the steady state, with a consequent change in 
current to the electrode. 

The electrode chamber is formed in a Plexiglas block and has a gas space 
of about 0.7 cc. The usual gas mixture is 4 parts CO and 1 part oxygen 
by volume; hence in the drop the ratio of partial pressure of CO to that of 
oxygen varies from 4 at the surface to 20 or more in the interior. For ob- 
taining high sensitivity, minimal drift, and good stability of the current, 
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the adjustment of the distance between the electrode and the glass window 
is critical. This distance is set by first measuring the current with the 
chamber filled with buffer and the tip of the electrode several mm. above the 


window. This current will be about 5 & 10-8 ampere. The electrode is 
then lowered until the current in a drop of buffer is about half the previous 
value. A drop of cell suspension, of such concentration that the electrode 
current is between 0.1 and 0.5 of its value in the buffer drop, can then be 
introduced under the electrode. This requires an oxygen uptake meas- 
Brown 
Modulator A.C. Amplifiers modulator 
60c 
J D.C. Ample 
Input Resistors 
0-10 
2 
| | $20M 
wio-8 
| 
Be 


Current | Recorder | 


Electrode 
Current 


a 
AA 


Pr Ag 
Fig. 2. Circuit for polarizing the electrode and measuring the electrode current. 
The triangles represent feedback-stabilized alternating current package ampli- 
fiers (20). 


ured in the absence of CO of 2 to 20 X 10-4 mole X liter! * min-—, de- 
pending on the sensitivity of the organism to CO and whether the cells 
remain in suspension or settle to the bottom of the drop. 

For low temperature experiments, the glass window and the upper ends 
of the silver and platinum electrodes are cooled by a circulating water- 
alcohol mixture from a refrigerated bath (not shown in Fig. 1). 

The electrode current is measured by a chopper amplifier circuit (19), 
designated by J in Fig. 1 and shown in more detail in Fig. 2. Both this 
current and a compensating current pass through the amplifier input 
resistor (0 to 10 megohms); therefore only the difference is amplified and 
recorded. 

The optical system (Fig. 3) is arranged to permit quick shifting of the 
illumination on the drop under the electrode from the output of a grating 
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monochromator to a comparison light, not monochromatic but fixed in 
color. The Littrow type monochromator employs a Bausch and Lomb 
“certified precision” grating, 1200 lines per mm., 52 mm. square, and has a 
focal length of 381mm. The comparison light arises from the opposite side 
of the lamp from that used by the monochromator and, when the sliding 
mirror is in the appropriate position, an image of the filament is focused at 
the exit slit in place of the spectrum produced by the grating. A filter 
(Corning No. 3385, yellow, plus unpolished No. 3962, infra-red-absorbing) 
confines the comparison light to the wave-length region 500 to 700 my and 
diffuses the image at the exit slit. This diffusion is important, since the 
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Fig. 3. Over-all diagram of the optical system (not to scale). The paths of the 
light after it leaves the exit slit have been reduced to two dimensions. 


distribution of the comparison and monochromatic light must be pro- 
portional throughout the drop to avoid transient effects when the shift is 
made from one to the other. For the same reason, the relative apertures 
of both the comparison and monochromator lens systems must be identical. 
The intensity of the comparison light can be carefully adjusted over a wide 
range by means of the “louver,” a grid of parallel strips of bakelite, which 
rotates asa unit. A voltage regulator stabilizes the output of the lamp to 
within 0.1 per cent over the several minutes required for measurements at 
one wave-length and within several per cent over many hours. 

The exit slit is divided along its length into three portions. Mirrors de- 
flect light from the two ends of the slit to the lenses and mirrors which su- 
perpose reduced images onto the electrode. These illuminate a rectangu- 
lar area, centered on the platinum, which includes about a fourth of the 
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total drop volume. This volume contributes the major portion of the 
initial response of the electrode to changes in oxygen concentration. 

Light from the central portion of the exit slit is focused on a radiation 
thermocouple (model RP-4s, Charles Reeder and Company, Detroit), after 
being chopped at 10 cycles per second by a rotating shutter. The alter- 
nating component of the thermocouple voltage is amplified and rectified 
in a preamplifier circuit (not shown) and then measured by the amplifier 
portion of the circuit used for the electrode current (Fig. 2). The output 
of the preamplifier was not strictly linear with light intensity in the experi- 
ments reported here; thus appropriate corrections were necessary for each 
thermocouple reading. This defect has recently been corrected. 

The ratio of light intensity at the thermocouple to that at the electrode 
is about 20 per cent higher at 400 mu than at 600 muy, owing to differences in 
reflectances of the mirrors and in the temperature of the ends of the filament 
compared to the center. Consequently, a correction factor for these 
effects must be determined for the instrument at each wave-length and 
then applied to each thermocouple reading in order to obtain a measure 
of the true intensity at the electrode. 

Correction of intensity readings for differences in the reflectance of 
platinum with wave-length (21) are not made, since the area of the metal is 
small compared to the total area illuminated. No photoelectric or ther- 
mal effect on the electrode current (22) can be detected, although a ther- 
mal effect is observed if the infra-red-absorbing filter is omitted from the 
comparison light. The heat content of the radiation has no observable 
physiological effect on the oxygen uptake. 


Procedure 


After a drop of cell suspension is placed under the electrode, a wait of 
about 15 minutes is necessary before the drift of the electrode current is 
sufficiently small to permit high sensitivity. By changing the position of 
the “louver,” the comparison light intensity is adjusted until no change 
in electrode current is observed on shifting the sliding mirror. The rela- 
tive intensities of comparison and monochromatic light are measured by 
thermocouple readings to which the two corrections noted previously are 
applied. This procedure is carried out at 550 my and at as many other 
wave-lengths as possible in the time (1 hour or more) that the current 
remains reasonably stable. The regulation of the lamp is sufficient to 
maintain, throughout the experimental run, an essentially fixed distribu- 
tion of energy versus wave-length in the comparison light. Under this 
condition, Equation 1 implies that 
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where W.. and W550 refer to intensities of the comparison light required 
to match the photochemical effect at \ my and 550 my, respectively. 
Accuracy 


Fig. 4 illustrates, for yeast, the response of the electrode current to a 1 
per cent change in light intensity. With organisms of high photochemical 
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Fic. 4. Time-course of the electrode current at high amplifier gain in an experi- 
ment with bakers’ yeast (A = 550 my, monochromator band width 2.5 my). At the 
times indicated, the light intensity was changed by 1 percent. Drift of the electrode 
current (upward in this instance) and occasional spontaneous changes in the current 
are almost always present, but do not usually interfere seriously with the action 
spectrum determination. 

Fic. 5. Action spectrum of heart muscle preparation in the Soret region. Diffi- 
culties in obtaining a steady state electrode current with heart muscle have pre- 
vented the determination of a complete spectrum. 


sensitivity, such as yeast and Acetobacter, the variation in successive de- 
terminations of the ratio W..:W, will be about 1 per cent of the ratio ob- 
tained at 550 my, except below 425 my, where the low thermocouple out- 
put doubles this error. Variations in light intensity throughout the drop 
do not influence the action spectrum if they are independent of wave- 
length and are proportional in the monochromatic and comparison light. 
An absorbing pigment such as hemoglobin, for which the absorption varies 
greatly with wave-length, can be shown to reduce the ordinate of an action 
spectrum by less than 5 per cent if the product of extinction coefficient 
and concentration of the absorbing pigment is less than unity. The 
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photosensitive binding of CO and oxygen by hemoglobin is negligible at 
the partial pressures of the gasses used (23). 

The accuracy with which the position of a peak may be determined de- 
pends on the slopes on either side of the peak. Considering the bands in 
the yeast spectrum of Fig. 6 (see ‘‘Results”) to be triangular and the un- 
certainty in each ordinate to be 1 per cent of the ordinate at 550 mu, the 
uncertainty in the y-peak is 0.2 my and in the a-peak is 0.5 mu. 

The accuracy with which the relative heights of the peaks are plotted 
is more difficult to assess, since an action spectrum method requires the 
determination of relative intensities at different wave-lengths and accord- 
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Fia. 6. Action spectrum of bakers’ yeast. 
by a factor of 10. 


The Soret (7) band has been depressed 


ingly is more susceptible to systematic error than are ordinary spectro- 
photometric determinations. In a relatively dilute cell suspension, free 
from strongly absorbing pigments, the ratios of the bands are probably 
correct to within about 5 per cent. 


Materials 


Pig heart muscle preparation was prepared as previously described (24). 
The respiratory mechanism of these particles, unlike that of most whole 
cells, seems to be poisoned at the electrode; hence a stable electrode cur- 
rent cannot usually be obtained. However, one preparation yielded a 
drop, the respiration of which remained relatively constant long enough to 
plot the Soret region of the action spectrum (Fig. 5), and this result has 
been confirmed by less exact measurements on other preparations. 
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Bakers’ yeast was obtained fresh from the National Yeast Corporation 
and suspended in phosphate buffer, pH 7.4, 0.15 mM, plus 1 to 2 per cent 
ethanol. Suspensions of 0.02 to 0.03 gm. ce.—', wet weight, were used in 
experiments at room temperature and 0.15 gm. ce. at 1°. 

Acetobacter pasteurianum, Acetobacter suboxrydans, and Micrococcus pyo- 
genes var. albus were kindly furnished by Dr. Lucile Smith and grown as 
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Fic. 7. Comparison of y- and a-bands of the action spectra of bakers’ yeast and 
ascites tumor cells (cytochrome a3) and A. pasteurianum (cytochrome a,). Since 
the plots are with respect to the ordinate at 550 my (approximately the peak of the 
8-bands for all three spectra), relative heights of the same band in different organisms 
do not represent relative values of extinction coefficients. 


described by her (25), except that A. suborydans was grown at room tem- 
perature in a liquid medium of 0.3 per cent peptone, 0.5 per cent yeast 
extract, and 5 per cent mannitol. They were harvested and suspended, 
without additional washing, in the following media: A. pasteurianum, 
acetate buffer, 0.1 m, pH 5.5, 0.1 per cent NaCl, 10 per cent ethanol; A. 
suborydans, phosphate buffer, 0.067 m, pH 6.5, 10 per cent ethanol; M. 
pyogenes var. albus, 0.07 per cent NasHPO,, 0.03 per cent KH2PO,, 0.01 
per cent Na2SQO,, 0.001 per cent MgSQ,, 0.9 per cent glucose. 

Ehrlich ascites tumor cells (26), E-L stock, were prepared from mice by 
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Dr. T. S. Hauschka of The Institute for Cancer Research, Philadelphia, to 
whom our thanks are due. The suspensions were used undiluted as they 
came from the animal and were selected for relative freedom from hemo- 
globin contamination. 
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Fig. 8. Action spectra of two organisms in which respiration proceeds through 


the protohemin-like oxygen-transferring enzyme (Soret bands depressed by a factor 
of 10). 


Results 


The nominal (half power point) band width of the monochromator was 
2.5 mu for measurements reported here, except for heart muscle for which 
it was 4.5 mu. 

As explained above, technical difficulties have prevented the determina- 
tion of a complete action spectrum for heart muscle preparation. The 
Soret region of the spectrum is given in Fig. 5. Fig. 6 is the spectrum of 
bakers’ yeast and Fig. 7 compares the y- and a-bands for bakers’ yeast, 
mammalian ascites tumor cells, and A. pasteurtanum. 

The spectra of Figs. 5 to 7 are similar to those detected manometrically 
by the Warburg group in Torula utilis and A. pasteurianum (3). On the 
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other hand, A. suborydans and M. pyogenes var. albus (Fig. 8) show no 
evidence of the classical Warburg enzyme. Instead, their respiration pro- 
ceeds through the protohemin-like CO-binding pigment which has re- 
cently been detected by spectrophotometric means (13). The respiration 
of M. pyogenes var. albus under the electrode was much less stable than 
that of A. swhorydans, and fewer points were plotted. Thus the spectrum 
for the latter is much more precise, although differences between the two 
spectra seem to be greater than could be accounted for by experimental 
error. 

These curves were all taken at room temperature (25-30°). For yeast 
a spectrum has also been determined at approximately 1°, for which it was 
necessary to decrease the illumination intensity to a fourth of that used at 
room temperature in order to avoid photochemical saturation. This spec- 
trum (not shown) has a y-band 8 per cent lower and an a-band 8 per cent 
higher than that at room temperature, probably as a result of the in- 
creased variation of absorption with wave-length in the heavy cell suspen- 
sions necessary at low temperature. There is also a shift of approximately 
1 mu toward the blue in the positions of the centers of the bands.' Other- 
wise no added complexity or other significant change was noted in the 
action spectrum of yeast at 1°. 


DISCUSSION 


The action spectra presented here are free from the uncertainties to 
which previous determinations have been subject. They are in agreement 
with absorption spectra obtained spectroscopically (11-16) and with the 
known absorption characteristics of CO compounds of hemoproteins (28). 
This method gives a more precise and more detailed curve than can be 
obtained by direct measurement of the absorption of the CO compound in 
a living organism. In addition, it is unique in that it will detect only that 
pigment in the cell which is catalytically active in respiration and which 
reacts directly with oxygen.’ 

Small but distinct differences are evident between the spectra for yeast 
and ascites tumor cells in Fig. 7, although both of these would be classified 
spectroscopically as cytochrome a3. Spectrophotometric measurements 
have previously detected a 0.5 to 1 mu discrepancy in the bands of the 


‘Widmer el al. (27) have observed spectrophotometrically a comparable effeet on 
the bands of other cytochromes at low temperatures. 

2A possibility that light energy absorbed by one pigment might decompose the 
CO compound of another was suggested (8) as an explanation for the anomalous 
bands in the action spectra obtained manometrically. However, with the increased 
precision possible with the present technique such bands have not appeared. Nor 
does evidence exist that a photochemically reversible CO compound is formed with 
any pigment of the respiratory chain other than the autoxidizable one at the end. 
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difference spectra of the CO compounds, differences in relative heights of 
the bands, and differences in reaction kinetics between the cytochrome a, 
of yeast and that of heart muscle (13). Although the action spectrum for 
pig heart muscle (Fig. 5) is incomplete, it shows clearly the presence of a 
y-band at or near 430 my, which is characteristic of the CO compound of 
cytochrome a;, rather than at 450 my indicated for rat heart by the mano- 
metric method. ‘The latter depended on a limited number of wave-lengths 
available in the blue region of the spectrum (5). 

The previous identification of the oxidase of A. pasteurianum as cyto- 
chrome a; (13) is confirmed by the action spectrum (Fig. 7), which indi- 
cates that the Soret band in A. pasteurianum is at 428 my. Although 
the spectra of cytochrome a,-CO and cytochrome a;-CO are quite similar, 
the reduced forms of these enzymes have a-bands which are distinctly 
different, being at approximately 588 my and 604 mu, respectively (25), 
and being displaced in different directions when the CO compounds are 
formed. Thus, according to present day nomenclature, the spectra ob- 
tained by the Warburg group for 7’. utilis and A. pasteurianum represent 
the CO compounds of two different enzymes. 

In spite of the variability in the details of the action spectra determined 
manometrically, all clearly have been of the cytochrome a type (if we neg- 
lect the Soret band for heart muscle at 450 my). This fortuitous circum- 
stance has led to the inference that, in organisms in which respiration pro- 
ceeds through the cytochrome pigments, the pigment which reacts directly 
with oxygen is characteristically of type a. Such a notion is no longer 
tenable, in view of the evidence (Fig. 8) that some organisms contain a 
protohemin-like oxygen-transferring enzyme. The small differences in po- 
sition and height of the bands in A. suborydans and M. pyogenes var. 
albus are no greater than can be expected, considering similar differences 
which are observed for cytochrome a;._ Thus the present limited evidence 
points to the possibility that such a respiratory enzyme may be common to 
a wide variety of bacteria. 


SUMMARY 


A polarographic apparatus for determining the photochemical action 
spectrum of carbon monoxide-inhibited respiration is described. Spectra 
with ordinates reproducible to within a few per cent, with absorption 
peaks located to within less than 1 mu, are presented for representative 
organisms. The action spectra can be fully correlated with spectroscopic 
data for single hemoprotein pigments and have no anomalous absorption 
bands. 

Cytochrome a; is demonstrated to be the terminal enzyme (oxygen- 
transferring enzyme) of the respiratory chain of pig heart muscle prepara- 
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tion, mouse ascites tumor cells, and bakers’ yeast. Cytochrome a; per- 
forms this function in Acetobacter pasteurianum. However, activity as a 
terminal enzyme is not exclusively a property of cytochromes of type a. 
The action spectra of Acetobacter suboxydans and Micrococcus pyogenes var. 
albus indicate that in these organisms respiration proceeds through a pro- 
tohemin-like CO-binding pigment which can now be identified as an oxy- 
gen-transferring enzyme. 


The collaboration of Dr. C. C. Yang in the design of the electrical cir- 
cuits and of Mr. V. Legallais, Mr. J. M. Olson, and Dr. H. den Hartog in 
the design and construction of the optical system is gratefully acknowl- 
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PREPARATION AND PARTIAL PURIFICATION OF THE 
ASPARTASE OF BACTERIUM CADAVERIS* 
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Although bacterial aspartase was first demonstrated by Harden (1) in 
1901 and later studied in more detail by Quastel and Woolf (2), the first 
extensive investigations were those of Gale in 1938 (3). As a consequence 
of his experiments with whole cells and cell-free extracts of Escherichia 
coli, he proposed that two aspartases exist, one occurring in the albumin 
fraction and one in the globulin fraction of cell extracts. These enzymes 
were differentiated by their response to adenosine or inosine and their 
sensitivity to toluene. The existence of two aspartases has not been con- 
firmed by other workers as yet, and there are no additional supporting 
data. The most recent studies on bacterial aspartase are those of Lich- 
stein and coworkers ((4-6), to cite a few selected references) using Bac- 
terium cadaveris, Ellfolk (7-10) using Propionibacterium peterssonii and 
Pseudomonas fluorescens, and Trudinger (11-13) using Proteus X19. All 
of these preparations contained fumarase in addition to other unidentified 
enzymes. 

The need for continued efforts to obtain an aspartase of higher purity 
is apparent, since, until now, any measurement of enzyme characteristics 
must be interpreted in the light of influence of accompanying enzymes. 
More information is needed on the question of the possible existence of two 
aspartases. With these goals in view, we have undertaken the prepara- 
tion and purification of the aspartase of B. cadaveris (Gale), since this 
organism is highly active in the deamination of aspartic acid. 


Methods 


Preparation of Cell-Free Extracts—B. cadaveris (Gale) was grown for 16 
hours at 30° on a medium consisting of 1 per cent yeast extract, 1 per cent 
tryptone, and 0.5 per cent KH2PO,. The cells were harvested by centrifu- 
gation and washed once with distilled water. From this point every pre- 
caution was taken to keep the preparation cold and to protect it from 
oxidation. The washed cells were then suspended in a small volume of 
cold 0.1 m phosphate buffer, pH 6.8, which had previously been boiled 


* Presented in part before the American Society of Biological Chemists, San 
Francisco, April, 1955. 
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to expel air. The suspension was placed in the cup of a 9 ke. Raytheon 
sonic oscillator continuously chilled with circulating ice water, the air 
above the suspension was displaced by hydrogen, and the cells were then 
treated for 25 minutes at maximal frequency. The cell débris was removed 
by centrifugation at 25,000 x g for 30 minutes at 4°. These solutions 
often were brownish in color because of the presence of colloidal material 
which was not easily removed. To obtain reasonably colorless solutions 
for the electrophoresis experiments, it Was necessary to increase the cen- 
trifugation time to 1 hour. This colloidal material, brown to transmitted 
light and bluish to reflected light, would eventually spin down as a blue- 
black sticky paste. After being washed and precipitated a second time, 
it was found to possess a low degree of aspartase activity, though consider- 
able succinic dehydrogenase activity. For these reasons it was discarded. 

Salt Fractionation of Cell Extracts—The clear, straw-colored supernatant 
solutions obtained as described above were maintained at low temperature 
and diluted with an equal volume of cold saturated ammonium sulfate 
solution. The precipitated protein was collected by centrifugation in the 
cold, redissolved in distilled water, and dialyzed against 0.001 mM phosphate 
buffer, pH 6.8, at 4°. A 24 hour dialysis was usually sufficient to reduce the 
ammonia content to a level suitable for enzyme assay. The albumin frac- 
tion was precipitated by saturation of the remaining supernatant material 
with solid ammonium sulfate. It was collected, redissolved in distilled 
water, and dialyzed in the same manner. In some cases salt fractionation 
was carried out entirely with solid ammonium sulfate. 

Electrophoresis Experiments—The globulin fractions obtained by salt 
fractionation were dialyzed 48 hours at 4° against phosphate buffer of the 
desired pH and ionic strength. To maintain high activity of the aspartase 
a small amount of sodium formate was added to the buffer. The precise 
role of formate in the aspartase system is as yet undefined, but its presence 
greatly enhanced the stability of the preparations studied in our laboratory. 
Frozen cell extracts which showed gradual loss of activity when retested 
over a period of 2 to 3 weeks could be kept successfully for months when a 
small amount of formate was added to the preparation. The electro- 
phoresis experiments were performed in a Klett-Tiselius electrophoresis 
apparatus. 

Determination of Enzyme Activity—The deamination experiments were 
performed in air at 37° in a variety of buffers of desired pH. For routine 
testing, 0.05 m phosphate, pH 6.8, and an incubation period of 30 minutes 
were employed. The reaction was stopped by the addition of 0.1 volume 
of 25 per cent trichloroacetic acid to the tubes. The precipitated protein 
was centrifuged, and the supernatant solution analyzed for ammonia by 
nesslerization and colorimetry in an Evelyn photoelectric colorimeter 
equipped with a 470 to 490 mu filter. Protein was determined by the 
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method of Exton (14), fumarase by the method of Massey (15), and suc- 
cinic dehydrogenase by the method of Repaske (16). 


EXPERIMENTAL 


Preliminary Experiments—In the initial phases of the work, many small 
preparations were made by harvesting the cells from 15 liters of medium 
and proceeding as described above. The object in view was to study the 
stability of the aspartase, the extent to which it might be aged and reac- 
tivated by various stimulators, and the effect of certain inhibitors. In 
the first four or five preparations, which were frozen after dialysis against 
phosphate buffer, there was a gradual decline in activity over a period of 
2 or 3 weeks. During this time there was often a significant response to 


TaBLe 
Response of Stored Globulin Fraction to Various Additions 
Additions NHs per ml.* 


* The globulin fraction had been stored for 2 weeks. Incubation was carried out 
at 37° in 0.05 m borate buffer, pH 7.0, for 30 minutes. The concentration of aspartic 
acid was 0.001 m. All values corrected for ammonia in blanks. 0.67 mg. of protein 
per ml. 


formate and sometimes a small response to adenosine. Repeated experi- 
ments with the same preparation made it apparent that these effects were 
not consistently reproducible, for no obvious reason. <A set of data from 
one of the more successful of these experiments is presented in Table I. 
The response to formate was tentatively interpreted as a reactivation of 
the enzyme by reducing action, since it has been shown by Ellfolk that 
aspartase possesses sulfhydryl groups, the oxidation of which inactivates 
the enzyme. The slight stimulation occasionally obtainable with adeno- 
sine was observed with both the globulin and albumin fractions (in con- 
flict with the data of Gale) and usually in experiments in which long incu- 
bation times were employed. Old preparations with decreased activity 
showed no significant response to glucose, hydrogen, coenzyme I, leu- 
covorin,' ascorbic acid, or low concentrations of glutathione, under the 


‘This material was generously furnished by the American Cyanamid Company, 
Bound Brook, New Jersey. 
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conditions of testing. One preparation, fresh from the dialysis bath, was 
accidentally left in the laboratory for a period of 20 hours at a tempera- 
ture of 30°. The unopened dialysis bag lay in a dry beaker, exposed to the 
air of the laboratory. No putrefaction occurred and the dialysis mem- 
brane effectively excluded air from the preparation. Testing of this ma- 
terial showed it to be fully as active as any other of the cell extracts simi- 
larly prepared. This observation was taken as an indication that the 


II 
Enzymatic Activity of Various Ammonium Sulfate Fractions 


| 


Enzyme activity 


Percent per protein*® A optical density per 5 min. 
: Succini 
0-25 | 10.50 | 26.6 37.7 0 | 0.645 
25-35 | 13.45 35.0 | 46.5 0.042 0.160 
3545 1.655 | 44.4 | 48.9 0 0 
45-55 | 6.5 0 0 
Above 55 | Negative | 0 0 0 0 


* Incubations carried out at 37° in 0.05 m phosphate buffer, pH 6.8, for 30 min. 
utes. Aspartic acid and adenosine concentrations, 0.002 m. All values corrected 
for ammonia in blanks. 

t Incubations carried out at 25° in 0.033 m phosphate buffer, pH 7.2. Sodium 
fumarate concentration, 0.0167 m. Protein concentration, 1.35 mg. per ml. at final 
dilution for 25 to 35 per cent fraction. 

t Incubations carried out at 25° in 0.01 m histidine buffer, pH16.8. Potassium sue- 
cinate concentration, 0.009 m. Protein concentration, 0.135 mg. per ml. at final 
dilution for 25 to 35 per cent fraction; 0.105 mg. per ml. at final dilution for 0 to 25 
per cent fraction. 


enzyme may be surprisingly stable to moderate temperatures, though 
extremely sensitive to oxidation. To avoid the addition of preservatives, 
however, preparations were stored at —18° and thawed out as needed. 
These preparations (also containing fumarase and succinic dehydrogenase) 
showed decreased deamination in the presence of 0.05 m succinate, 0.5 m 
KI, 0.1 m malonate, and 0.003 m pyrophosphate. No deleterious effects 
due to the presence of the toluene were observed when incubations were 
performed under toluene. Attempts to fractionate the crude preparations 
with salts other than ammonium sulfate and with alcohol were unsuccess- 
ful. The deamination was specific for L-aspartic acid. 

Purification of Pooled Fractions—To obtain sufficient quantities of cell 
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extract for separation in the large cell of the electrophoresis apparatus, 
eight 15 liter batches of media were harvested over a 2 week period, and 
the crude globulin fractions were stored at —18°. Since a more exact 
ammonium sulfate fractionation was desired, a small batch of crude globu- 
lin was carefully fractionated so as to give the following separations: 0 to 
25, 25 to 35, 35 to 45, and 45 to 55 per cent saturation. These fractions 
were analyzed for aspartase, fumarase, succinic dehydrogenase, adenosine 
deaminase, and protein. The results are reported in Table II. The aspar- 
tase and adenosine deaminase activities are given on the basis of protein 
content; the fumarase and succinic dehydrogenase data are not. This 
distribution of aspartase is not in agreement with the data of Ellfolk, who 


Fic. 1. Effect of substrate concentration on the velocity of aspartic acid deamina- 
tion by aspartase. 0.05 m phosphate buffer, pH 6.8, 37°; concentration of refraction- 
ated globulin, 0.68 mg. per ml.; incubation time, 5 minutes. 


found most of the activity in the 6 to 25 per cent fraction, but the pro- 
cedure employed by the latter was quite different from that used in our 
laboratory. In the case of Ellfolk the higher fractions were allowed to 
stand for 12 to 18 hours in salt solution and then were dialyzed against 
tap water (temperature not specified). Since he reports inferior activity 
in all his ammonium sulfate fractions, it is quite likely that there was much 
loss of activity because of the conditions used, whereas with our procedure 
the activity held up well. 

On the basis of these findings (particularly the high activity of aspartase 
in the middle fractions) the combined preparations were fractionated be- 
tween 25 and 45 per cent saturation. Most of the succinic dehydrogenase 
was thus eliminated and the fumarase activity was of low order. 

Kinetic Studies—Since other workers (6, 12) have reported values for the 
Michaelis constant of the aspartase system, we made similar determina- 
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tions for the purpose of comparison. The constant was determined for 
(a) fresh resting cells, (b) refractionated globulin fraction, and (c) the 
pooled albumin fractions (not refractionated). These determinations were 
made at previously determined incubation intervals, selected to give the 
constant initial rate. A double reciprocal plot for purified globulin is shown 
in Fig. 1, and the data for all three preparations are presented in Table 
II]. There is a reasonably good agreement among the three experiments 


| ALBUMIN 


OPTICAL DENSITY 


4 20 £40 50 £460 
TIME (MINUTES) 
Fic. 2 Fic. 3 


Fic. 2. Effect of pH on deamination of aspartic acid by aspartase. Michaelis 
Veronal-acetate buffer (ionic strength = 0.15); 0.005 m aspartic acid; 37°; 1.5 mg. of 
protein per ml.; incubation time for globulin, 5 minutes; incubation time for al- 
bumin, 30 minutes. 

Fic. 3. Characteristic rate curve for purified aspartase fraction. 0.05 m phos- 
phate buffer, pH 6.8, 37°; 0.005 m aspartic acid; 0.3 mg. of protein per ml. 


and likewise satisfactory agreement with the work of others, which will be 
discussed later. 

Effect of pH—The pH-activity curves for these preparations were also 
determined for the sake of comparing the albumin and globulin fractions 
with each other and for comparison with the findings of other workers 
(Fig. 2). The values for the albumin and globulin fractions were almost 
identical, as may be seen from Fig. 2, and show a pH maximum around 
7.2. In 0.1 Mm phosphate buffer (data not shown) the maximum was shifted 
to 6.5 to 6.8. 

Electrophoretic Separation Experiment—The electrophoretic separation 
was carried out in the preparative cell (150 ml.) with phosphate-formate 
buffer, pH 6.5, ionie strength 0.10, temperature 2.5°, current of 17.5 ma., 
for 50 hours. Two fractions were then taken from each compartment and 
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analyzed for aspartase, adenosine deaminase, fumarase, succinic dehydro- 
genase, and protein. In the compartment containing the most rapidly 
moving component, a fraction was obtained which was essentially devoid 
of fumarase, succinic dehydrogenase, and adenosine deaminase, but which 
possessed the highest activity of aspartase of any of the fractions. Several 
experiments were performed with this preparation, including the deter- 
mination of a characteristic rate curve and apparent equilibrium constant 
for the reaction 
CHNH,*-COO” ss ~OOC-CHeeCH-COO” + 


The absence of fumarase and succinic dehydrogenase was regarded as 
essential to the determination of the true equilibrium constant. The rate 


Tasie IV 


Calculation of Apparent Equilibrium Constant for System, 
Aspartate + Fumarate + NH, (37°) 


_ (‘00C-CH=CH -COO~)(NH,*) 


(-OOC-CHN Hs*-CHs-COO-) 
Concentration, moles per |. — 
Reaction 
Initial Final 
Forward | Aspartic acid 0.0050 0.0050 — 0.0041 = 0.0009 
Fumaric acid 0 0.0041 (from NH, data) 1.9 x lw? 
Ammonia 0 0.0041 (by analysis) 
Reverse Fumaric acid 0.0050 0.0050 — 0.0009 = 0.0041 
Ammonia 0.0069 0.0060 (by analysis) 27x lw 
Aspartic acid 0 0.0009 (from ammonia data) 


— -—— 


— 


curve obtained is shown in Fig. 3, and the calculation of the equilibrium 
constant in 0.05 m phosphate, pH 6.8, for both the forward and the reverse 
reactions is given in Table IV. Fair agreement was obtained in the de- 
terminations. 


DISCUSSION 


Since this study deals principally with the preparation of an aspartase of 
higher purity and activity than hitherto reported and with the determina- 
tion of certain characteristics of this enzyme, no attempt will be made to 
discuss the postulated coenzymes, stimulators, or inhibitors of the system, 
or the confused state of the literature on this subject. This matter will be 
discussed in a later publication. In our experience with cell-free prep- 
arations, formate was the only addition which increased the activity of the 
enzyme in a consistent way. At present, this is interpreted to mean a re- 
activation through reduction of essential sulfhydryl groups. 


‘ate 
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The Lineweaver-Burk treatment was applied to the velocity data ob- 
tained over the substrate concentration range 0.01 to 0.10 m with washed 
cells, refractionated globulin preparation, and albumin preparation. The 
double reciprocal plot (not shown) for washed fresh cells was satisfactorily 
linear throughout and yielded a K,, value of 8 K 10-* as compared with 
5 X 10° obtained by Smith and Lichstein and 8 X 10° reported by 
Trudinger (see Table III). Smith and Lichstein report that linearity 
could not be achieved with the Lineweaver-Burk treatment of velocity- 
concentration data obtained with washed cells suspended in buffer and sub- 
strate alone. With the addition of glucose to the mixture, satisfactory 
data were obtainable. No such addition was found necessary in the case 
of our cell preparations. Since the cells studied by Smith and Lichstein 
were grown on a different medium from that employed in this laboratory, 
there might possibly be a difference in cell permeability. The effect of 
glucose on the stimulation of the deamination of aspartic acid by whole 
cells is at present interpreted to be a permeability effect (6). Fig. 1, a 
Lineweaver-Burk plot for refractionated globulin, shows a departure from 
linearity at the higher concentration levels. This effect was consistently 
observed in a number of experiments and is at present interpreted to mean 
that the substrate at high concentrations has an activating effect on the 
free enzyme when there is no membrane to control the rate at which the 
substrate may reach the enzyme. 

In Table IIIT a comparison is made of some of the sources and character- 
istics of the enzyme as reported by various laboratories. Unfortunately, 
we have no kinetic data from Ellfolk, and it cannot be safely estimated 
from the published reports, since in most cases the first time interval was 
at least 4 hours. The initial rate is not sustained for nearly this length of 
time. Such data yield a very low Qyy, value*® of the order of 10 to 50. 
In cases in which comparisons can be made, good agreement is obtained by 
Trudinger, Lichstein, and this report on the determination of K,, despite 
differences in choice of organism and experimental conditions. In the 
case of the optimal pH of the enzyme, there is even more unanimity. The 
values of Oxy, are given principally to show that the activity as determined 
in our laboratory is actually much higher than any hitherto reported, pre- 
sumably because of the increased purity of the preparation. An examina- 
tion of the data for the globulin and albumin fractions favors the case for 
one aspartase, since the pH optimum and the Michaelis constant are al- 
most identical. The fact that the albumin fraction contains aspartase 
activity appears to be attributable simply to the fact that the enzyme as 
prepared by us and by Gale (3) is not completely insoluble in 50 per cent 
ammonium sulfate, as may be seen from inspection of Table IT. 

Adenosine deaminase activity was determined because of interest in the 


* Micrograms of ammonia per mg. of protein per hour. 
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hypothesis proposed (and rejected) by Gale that the equilibrium 


_ adenosine deaminase 
Inosine + ammonia £ > adenosine 


might be linked to the aspartase-catalyzed deamination and thus account 
for the stimulating effect of inosine and adenosine on this system. The 
hypothesis was rejected by Gale on the basis of incompatibility of the reac- 
tion rates. Our evidence corroborates the view-point that the two en- 
zymes have no direct relationship, since the electrophoretically purified 
aspartase fraction contained insignificant amounts of adenosine deaminase, 
but proved to have the highest aspartase activity as yet measured in our 
laboratory. 

The values obtained for the equilibrium constant under the conditions of 
temperature and pH employed in these experiments agreed with our in- 
numerable observations that the equilibrium lies well to the right. It is 
likewise our observation that in the presence of fumarase and other related 
enzymes the deamination may often go to completion. In the absence of 
such outlets for fumarate, however, the balance point appears to lie at 
about 80 per cent deamination of aspartate. 


SUMMARY 


An aspartase of superior purity and activity has been prepared from cell- 
free extracts of Bacterium cadaveris (Gale). 

Cell extracts purified by salt fractionation and electrophoresis exhibited 
Qnxu, activities of the order of 6000 and a pH optimum of 7.2. The Mich- 
aelis constant for the purified cell extracts was found to be of the order of 
2 X 10°*; for resting cells the constant was 8 

The most highly purified fraction, containing insignificant amounts of 
fumarase and succinic dehydrogenase, was used to determine the apparent 
equilibrium constant for the reaction 


At 37°, pH 6.8, in 0.05 m phosphate, K’.g. = 2 & 10°°. 

The small amount of aspartase which precipitated with the albumin 
fraction was found to possess the same characteristics as the larger quantity 
of the enzyme found in the globulin fraction, and hence was assumed to be 


the same enzyme. 


The authors wish to express their appreciation to Professor J. B. Nei- 
lands, Department of Biochemistry, University of California, for his 
helpful criticisms of this manuscript. 
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SPECTROPHOTOMETRIC DETERMINATION OF THE 
OXYGEN SATURATION OF WHOLE BLOOD* 


By MAKEPEACE U. TSAO, SHIRLEY S. SETHNA, CHARLES H. SLOAN, anv 
LILLIAN J. WYNGARDEN 


(From the Department of Pediatrics and Communicable Diseases, University 
of Michigan Medical School, Ann Arbor, Michigan) 


(Received for publication, April 25, 1955) 


A new approach to the spectrophotometric determination of blood oxy- 
gen saturation has been made which is based on the absorption maximum 
of oxyhemoglobin and the isosbestic point of oxyhemoglobin and hemo- 
globin. The precision of this new method is comparable to that of the 
manometric procedure in which the Van Slyke-Neill apparatus is em- 
ployed; there is also good correlation between results obtained with these 
procedures. 

The literature on the spectrophotometric method for the determination 
of blood oxygen has been reviewed by Hickam and Frayser (1). Since 
that publication the noteworthy advance has been made by Nahas who 
utilized the isosbestic point of hemoglobin for the determination of oxygen 
saturatien of blood and designed a Lucite cuvette of short light path (2). 
In an investigation in which the simultaneous determination of oxygen ten- 
sion and saturation was to be made we found the time limitation required 
for the procedure for oxygen saturation as described by Nahas unfeasible. 
Furthermore, the precision of that method was not great enough for our 


purpose. 
Procedure 


After the blood is drawn and mixed with heparin, 0.5 ml. is transferred 
into a 2 ml. syringe in the following manner: First, a short length of rubber 
tubing is tightly fitted over the tip of the 2 ml. syringe, protruding about 
15 mm. All the dead space in this syringe and in the rubber tubing is 
filled with vaseline. A drop of blood is expelled from the sampling syringe 
and the tip is wiped off. Then the tip is fitted into the rubber connection 
of the 2 ml. syringe and 0.5 ml. of blood is gently pushed into the small 
syringe. 

The blood is hemolyzed immediately by the addition of 0.01 ml. of a 50 

* Aided by grant No. H1258, Division of Research Grants, National Institutes of 
Health, Public Health Service, United States Department of Health, Education, and 


Welfare, to Dr. James L. Wilson and a grant from the United Cerebral Palsy Associ- 
ation, Inc., to Bruce D. Graham and M. U. Tsao. 
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per cent solution of saponin. The saponin solution is made up fresh about 
once a week or whenever it shows signs of deterioration and can be added 
conveniently by means of a syringe micro burette (Micro-Metric Instru- 
ment Company, Cleveland, Ohio) of 0.2 ml. per inch capacity with a needle 
(2 inch, 21 gage) fitted onto the end. The addition may be made either 
by putting a rubber cap on the end of the syringe containing the sample 
and penetrating the cap with the needle or by simply putting the needle 
directly into the uncapped syringe, pushing the needle tip almost to the 
plunger, adding the saponin, and then capping the syringe. This latter 
method is easier and, if performed rapidly and carefully, will give the same 
results. 

As soon as the saponin is added and the syringe capped without trapping 
air, the blood and saponin are mixed by rapidly rotating the syringe. It 
has been reported that if mixing is delayed a protein precipitate may 
form at the interface between the blood and saponin (1). We have not 
encountered this difficulty, since the mixing has always been done im- 
mediately. It takes less than 1 minute to complete the hemolysis, and 
with the conditions used no trouble with incomplete hemolysis has been 
encountered. 

The hemolyzed blood is now forced into three cells of the short light 
path cuvette designed by Nahas (The Waters Corporation, Rochester, 
Minnesota), one cell being left filled with water to be used 4s a zero 
reference. The filling is done by placing on the end of the syringe a blunt 
needle with a rubber cap covering the lower part to make an air-tight con- 
nection with the cuvette opening. Some blood is pushed through the 
needle and discarded; then the needle is injected into each cell opening 
and an excess (3 times the cell capacity) is pushed through each cell as 
described by Nahas. It is essential that there be no air bubbles in the 
cells. 

Readings are taken on the Beckman spectrophotometer, model DU, 
with the photomultiplier “sensitivity”? switch set at 1, the attachment 
“load” at 2 (resistor 22 megohms), and a cooling water jacket around the 
tungsten lamp. Readings are taken at 576 and 505 my with a slit width 
of 0.01 mm., the sensitivity being varied to set the reference cell at zero. 

From the time the blood is placed in the cuvette the color begins to 
change rapidly; hence the readings must be made as soon as possible. The 
reading at 576 mu should be started within | minute of the time the cuvette 
is filled. The readings are then taken at 505 mu. 

A blank reading must be taken at each wave-length on each cell. When 
the cells are cleaned and filled with water, readings are taken against the 
same zero reference used for blood, and the blood readings must be cor- 
rected accordingly. The blank may make an appreciable difference in the 
result and should be run very often, at least once a day. 
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Calculations 


The extinction for each cell at each wave-length is corrected for the 
blank reading. Then the ratio of the reading at 576 my to that at 505 
my is calculated separately for each cell. The average of the three ratios 
is taken, unless there is an obvious reason for discarding one (e.g., air in 
one cell). 

From this average ratio the oxygen saturation of the blood is read 
directly from a graph. The graph has been constructed by plotting the 
ratio as abscissa and percentage saturation as ordinate; linearity between 
0 and 100 per cent saturation has been established experimentally. 


EXPERIMENTAL 


First, an ideal line expressing the relationship between the oxygen sat- 
uration and the ratio of extinction readings at 576 and 505 my was con- 
structed (Fig. 1). For blood of 100 per cent saturation the reading at 576 
my represents the oxyhemoglobin concentration and that at 505 mu the 
total hemoglobin content. For blood of 0 per cent saturation containing 
no oxyhemoglobin, the reading at 576 my represents only the extinction 
of hemoglobin at that wave-length, while the reading at 505 mu still rep- 
resents the total hemoglobin content. If our assumption of a simple two- 
component system consisting of oxyhemoglobin and hemoglobin is valid, 
then the straight line linking the two points should represent all the blood 
saturations between 0 and 100 per cent saturation. 

The 100 per cent saturation point is the average of the results from seven 
blood samples. Each sample was oxygenated immediately after being 
drawn by mixing for 10 minutes with an equal volume of pure oxygen at 
room temperature. The 0 per cent saturation point is the average of the 
results from eight blood samples. Each sample was degassed by extrac- 
tion under vacuum in the Van Slyke-Neill apparatus (3). About thirty 
repeated extractions were made on each sample, a constant manometric 
reading for five consecutive extractions being the criterion of. complete 
oxygen removal. The red cells were always intact after these extractions. 
To simplify this oxygen removal] a chemical method instead of the physical 
one was attempted. The commonly used hydrosulfite was tried and was 
found to yield unsatisfactory results. Possible chemical change of hemo- 
globin by this reagent as suggested by Roughton et al. (4) might have con- 
tributed to the failure. 

A series of non-fasting blood samples was run both by the spectrophoto- 
metric and Van Slyke manometric procedures. The samples were all 
venous blood from healthy adults except for two arterial samples from 
patients with congenital heart disease. The oxygen saturations ranged 
from 12.3 to 100 per cent and the hemoglobins from 11.7 to 16.3 gm. per 
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100 ml. The higher saturations (¢n vivo) were obtained by keeping the 
subjects at rest for one-half hour and having them breathe oxygen, the 
lower saturations by leaving the tourniquet on during sampling, ane the 
points in between by variations of these two procedures. 

Each blood sample was drawn in a 10 ml. syringe lightly greased with 
mineral oil and with the dead space filled with a 10 gm. per cent solution 
of heparin sodium. <A porcelain disk made from a broken crucible was 
placed in the barrel of the syringe to facilitate mixing of the blood with the 
heparin. As soon as the sample was well mixed with the heparin, 0.5 ml. 
was transferred to a small syringe and the oxygen saturation was determined 
as described under ‘“‘Procedure.”” After the transfer the remainder of the 
sample was immediately placed in an ice bath where it was kept rotating. 
At one-half hour and 1 hour, it was run again. 

Each sample was also analyzed for oxygen content by the Van Slyke 
procedure (5), the analysis being made in duplicate with 1 ml. samples. 
The following method was used for oxygenating the blood for the oxygen 
capacity determination: The blood is saturated in the syringe in which it 
wasdrawn. A volume of oxygen equal to the amount of blood in the syringe 
is added and the syringe is allowed to rotate at room temperature for 7 
minutes. Then the oxygen is displaced and replaced with moist air. The 
syringe is rotated at room temperature for 7 minutes with the air; then 
that air is expelled and the syringe is refilled with moist air and allowed 
to rotate another 7 minutes. This procedure was adopted to prevent the 
loss of plasma which has been reported when the blood is saturated in a 
tonometer (6). The oxygen saturation is calculated from the content and 
the capacity values after each has been corrected for plasma oxygen. 

The first spectrophotometer readings were made on each specimen be- 
tween 5 and 8 minutes after the time the needle was withdrawn from the 
subject. On the one-half and 1 hour specimens the transfer of blood to 
the small syringe was started at 30 and 60 minutes and the first readings 
were made at about 35 and 65 minutes. 

Several of the samples had fluoride added to them. The final concentra- 
tion in the blood was approximately 0.012 per cent potassium fluoride and 
0.4 per cent sodium fluoride. This was done because the method is to be 
used for another investigation in which the blood will have fluoride added 
to facilitate the measurement of blood oxygen tension (7). 


Results 


For the seven 100 per cent saturated blood samples the mean ratio of 
extinction values E57 mu/E's05 mz Was 3.117 with a standard deviation of 
0.0101 and the standard error of the mean of 0.0034. 

For the eight 0 per cent saturated blood samples the mean ratio of the 
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extinction values E'sz¢ mu/Es0s mz Was 2.025 with a standard deviation of 
0.0107 and the standard error of the mean of 0.0041. 

These two points were used to construct a calibration line as shown in 
Fig. 1, where the ratio of extinction values from 2.025 to 3.117 constitutes 
the abscissa and the per cent oxygen saturation from 0 to 100 per cent sat- 
uration the ordinate. The twenty-one points along the line are the re- 
sults of comparison of the manometric method with the spectrophoto- 
metric procedure immediately after sampling. Table I presents the same 
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Fig. 1. Calibration line constructed from the extinction ratios of reduced and 
fully saturated blood samples. @, samples from non-smokers; O, those from smok- 
ers, 


comparison for results obtained immediately, one-half hour, and 1 hour 
after sampling. The standard error of the mean of the triplicate runs of 
the spectrophotometric method was found to be 0.59 per cent O» saturation. 
The mean value of duplicate manometric analyses over the entire range 
of O. saturation encountered was found to have a standard error of 0.75 
per cent O2 saturation. The variance between the manometric and spec- 
trophotometric methods for the twenty-one comparisons was calculated; 
it was (1.14)?. 

The standard error of the mean of the triplicate runs of the spectro- 
photometric method does not give a true picture of the precision of the 
method because it does not include any error during the hemolysis and 
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handling of the sample or from variations in timing during the run. On 
the other hand, it is not possible to run true duplicates on the sample. 
It may be assumed that the standard error of the mean of any duplicate 
runs must be less than the standard deviation between the means of the t 
zero and one-half hour specimens (assuming these specimens to be dupli- ‘ 
TABLE I 
Effect of Keeping Blood Sample in Ice Bath on Oxygen Saturation Value by t 
Spectrophotometric Method ( 
Per cent oxygen saturation values t 
Spectrophotometric method | 
Manometric method 
0 hr 4hr 1 hr. 2 hrs. 5 hrs. 
69.5 69.4 69.4 69.4 : 
25.5 24.0 24.0 25.2 : 
36.0 36.2 38.2 37.4 
81.0 80.6 81.5 81.4 
12.3 11.4 12.1 13.6 
23.8 24.3 24.7 26.6 = 
72.6 72.3 72.1 74.0 
58.8 60.3 59.8 60.0 
14.0 16.3 15.8 15.1 
. 32.2 33.4 32.3 
68 .0 67.1 67.3 67.9 67.5 = 
26.6 28.2 28.8 29.9 30.5 
55.6 56.0 56.3 55.7 57.2 
47.4 46.5 47.3 47.2 45.3 
41.5 40.3 40.8 40.8 
62.3 63.6 64.6 65.5 be 
100.3 100.0 100.1 101.0 O} 
88.3 9.2 91.6 | 
90.0 1.4 | 91.3 91.6 | - 
65.8 67.0 | 66.6 67.3 | , 
bl 
cates). This standard deviation has been estimated to be 0.53 per cent O2 be 
saturation. sa: 
In a few cases in which the sample contained foam the spectrophoto- | be 
metric results were higher than the manometric ones, even when the | gq 
amount of foam was very small. These results are presented separately qu 
in Table IT. | 
The spectrophotometric procedure was applied to two blood samples ly; 
from new-born infants. The Roughton-Scholander method (8) for blood tio 
oxygen was used to determine the O, saturation because of the limited sul 
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amount of sample available. There seems to be no significant difference 
between the results; hence the method may also be used for blood contain- 
ing fetal hemoglobin. In contrast, a large difference was observed when 
the same comparison was made on a blood sample from a patient with 
sickle-cell anemia, due probably to a different absorption spectrum of 
hemoglobin in this disease. 

Addition of fluoride to the sample gave results indistinguishable from 
those without the addition. The samples from smokers, however, group 
on the same side of the calibration line, as shown in Fig. 1, even though 
the scatter is within experimental error. 


TABLE II 


Effect of Foam in Sample on Oxygen Saturation Value by Spectrophotometric 
Method 


Per cent oxygen saturation values 


Spectrophotometric method 
Manometric method 

Ohr 4 hr. 1 hr 2 hrs 
19.3 27.7 23.4 21.8 
46.0 49.9 50.4 51.7 
73.3 76.2 75.7 76.5 
50.5 54.2 52.5 52.9 53.1 

DISCUSSION 


The Roughton-Scholander method for blood oxygen determination has 
been adapted to measure blood oxygen saturation in this laboratory. The 
oxygen content of the sample before and after aeration allows one to 
calculate the per cent saturation by simple division. In the course of 
several years, occasional comparison of the values obtained by this method 
with those by the application of the Van Slyke manometric procedure for 
blood oxygen determination has shown good agreement. Since less time 
and sample are required with the Roughton-Scholander method, it has 
been used routinely and found satisfactory. However, at times the blood 
sample begins to coagulate slowly during the period when the sample is 
being aerated, thus leading to erratic values for oxygen capacity of the 
sample. To avoid this difficulty and to reduce the time and sample re- 
quirement the spectrophotometric procedure was investigated. 

The spectrophotometric method is based on the theory that, in hemo- 
lyzed blood, oxyhemoglobin and hemoglobin may be regarded as true solu- 
tions obeying the law of Bouguer and Beer. The possible interfering 
substances, namely methemoglobin and ferrihemoglobin, are present in 
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normal blood in amounts less than 0.5 per cent (9); hence, their effect on 
the precision of the determination may be overlooked. 

The distinctive absorption spectra of completely oxygenated hemoglobin 
and reduced hemoglobin are known. Assuming that the hemoglobin of a 
blood sample exists in either of the two forms, a number of different methods 
are possible for determining the per cent of oxyhemoglobin. By measur- 
ing two of the three quantities, oxyhemoglobin, hemoglobin, and _ total 
hemoglobin, the per cent of oxyhemoglobin may be calculated. Or, as a 
short cut, the ratio of a quantity related to oxyhemoglobin and a quantity 
related to total hemoglobin may be used for the calculation of per cent of 
oxyhemoglobin. The extinction value of hemolyzed blood at one of the 
maxima of oxyhemoglobin and the extinction value at the isosbestic point 
are such quantities. By constructing a calibration curve correlating the 
ratio to the per cent oxyhemoglobin no involved calculation would he 
necessary for the determination of blood oxygen saturation. 

The total hemoglobin may be determined by first oxygenating or reduc- 
ing the sample completely and measuring the total hemoglobin as 100 per 
cent oxyhemoglobin or hemoglobin. Or, as has been applied by Drabkin 
and Austin (10), the hemoglobin may be converted chemically into ey- 
anmethemoglobin and the amount of the product measured. All the above 
mentioned approaches involve procedures which contribute to additional 
error of the method. The utilization of the isosbestic point of the hemo- 
globins by Nahas not only eliminated this source of error but also simpli- 
fied the procedure for the oxygen saturation determination. In his method 
the total hemoglobin was read at 505 my and hemoglobin at 605 my in the 
same short light path cuvette. 

However, two disadvantages were encountered when we attempted to 
apply the Nahas procedure. Namely, the limitation of time lapse of 8 
minutes between sampling and the reading of extinction values and the 
insufficient precision of a standard deviation of 1.9 per cent oxygen satura- 
tion. The advantage of two absorption maxima of the oxyhemoglobin 
was then examined by us, since these maxima would permit the use of a 
narrow band width of the spectrophotometer while allowing some toler- 
ance in the setting of the wave-length dial. The isosbestic point at 505 mp 
is preferred because of the proximity of the slopes of the absorption curves 
of oxyhemoglobin and hemoglobin. 

The absorption maxima of oxyhemoglobin as determined by us were at 
576 and 542 my. Both these maxima were investigated and tested against 
the Roughton-Scholander method. The peak at 576 mu gave much better 
correlation with the oxygen saturation as determined with the gasometric 
method; thus further work was continued with this wave-length only. At 
first a slit width of 0.17 mm. was used, but later it became possible to re- 
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duce it to 0.01 mm. with the attachment of a photomultiplier to the spec- 
trophotometer. 

The narrow slit width allows higher precision, but it should be carefully 
set and left undisturbed during a run. The wave-length settings must be 
made with even greater care, since a very small variation can cause a large 
difference in the reading. ‘The timing after the introduction of the hemo- 
lyzed sample into the cuvette is perhaps the most crucial detail, since the 
readings are changing at unpredictable rates. On the other hand, keeping 
the sample in the ice bath for a period of 30 minutes does not seem to 
cause any significant change in the per cent saturation value. 

The close correlation of the saturation values obtained by the spectro- 
photometric and the manometric procedures seems to bear out the as- 
sumption of a two-component system in blood hemoglobin, namely oxy- 
hemoglobin and hemoglobin. In view of the additional evidence of a 
simple two-component system provided by Nahas’ work it may be said 
that, whatever limitation the theory of intermediates in oxygenation of 
hemoglobin as postulated by Roughton (11) may impose on the spectro- 
photometric approach, it is not detectable at the present. 

After the conclusion of this work a paper by Klungs¢yr and Stga (12) 
came to our attention. This modified spectrophotometric procedure for 
hemoglobin oxygen saturation seemed to have a high degree of reproduci- 
bility even though a significant difference was found between results ob- 
tained by this procedure and by the manometric method. 


SUMMARY 


A rapid spectrophotometric method is presented for the determination 
of blood oxygen saturation with 0.5 ml. of sample. 

Twenty-one comparisons were made with the Van Slyke manometric 
method on blood samples with oxygen saturations varying from 12.3 to 
100 per cent and hemoglobins ranging from 11.7 to 16.3 gm. per cent. The 
variance of the comparison was (1.14)?. 
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THE EXCRETION OF N-METHYL-2-PYRIDONE-5-CARBOX- 
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The development of a rapid method for the determination of N-methyl- 
2-pyridone-5-carboxamide (pyridone) in urine (1) has made it practical 
to attempt to confirm and extend the studies of Holman and de Lange (2) 
and others (3-5) concerning the excretion of the pyridone following the 
administration of various known or possible precursors to man. In the 
conversion of nicotinic acid to the pyridone it must be amidated, N'-meth- 
ylated, and oxidized in the sixth position. All six possible derivatives 
of nicotinic acid involving these three modifications in the structure singly 
(6-hydroxynicotinic acid, nicotinamide, trigonelline) or in pairs (6-hydroxy- 
nicotinamide, N'-methylnicotinamide, N-methyl-2-pyridone-5-carboxylic 
acid) have now been administered to human subjects, and the results sug- 
gest that these reactions probably occur in the order indicated. In addi- 
tion, the present studies determined the relationship between the dosages 
of the tested compounds and the extent to which they may be accounted 
for by increased excretion of the pyridone in the urine. 


Materials and Methods 


Subjects—Four male laboratory workers between the ages of 26 and 33 
years were used for these studies. They were not known to have any 
chronic disease and had no history of serious metabolic, renal, or gastro- 
intestinal disease. 

Chemicals—The 6-hydroxynicotinic acid from commercial sources had 
a satisfactory melting point (6) and wasusedas obtained. Its acid chloride 
formed readily on refluxing with thionyl chloride for 2 hours. After re- 
moving the excess thionyl chloride by vacuum distillation, the pale yellow 
acid chloride was added slowly with stirring to an excess of cold concen- 


* Supported in part by the American Cancer Society, Wisconsin Division, and the 
American Cancer Society upon recommendation of the Committee on Growth of the 
National Research Council. 

t Postdoctoral Research Fellow of the National Cancer Institute, Public Health 
Service. 

{ Scholar in Cancer Research of the American Cancer Society. 
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trated NH,OH. After 3 hours at 0° the excess NH,OH was removed at 
reduced pressure on a water bath at 35°. The light tan amide was col- 
lected by filtration and was recrystallized from water with decolorizing 
charcoal. The colorless 6-hydroxynicotinamide melted at 317.2—317.8° 
(uncorrected), while Bradlow and VanderWerf (6) reported a melting 
point of 313-314.4° (corrected). 

To prepare N-methyl-2-pyridone-5-formamidoacetic acid, the powdered 
acid chloride of N-methyl-2-pyridone-5-carboxylic acid (7) was slowly 
added to the sodium salt of glycine, the aqueous solution being kept at pH 
9 to 10 by addition of 2N NaOH. The glycine conjugate precipitated on 
acidification and was recystallized three times from hot water (yield 70 
per cent). The product melted at 233-235° when heated at 1.5° per min- 
ute if placed in the block at 220°, and melted at 209° when mixed with N- 
methyl-2-pyridone-5-carboxylic acid. When chromatographed on paper 
with the system described by Dalgliesh (8), N-methyl-2-pyridone-5-form- 
amidoacetic acid was revealed as a single dark spot (R» 0.58) on inspection 
with ultraviolet light, while N-methyl-2-pyridone-5-carboxylic acid ap- 
peared as a similar spot but with Ry 0.75. With the same chromatographic 
system 6-hydroxynicotinic acid (Ry 0.70) and 6-hydroxynicotinamide (R, 
0.50) were also visible as absorbing spots. 

Commercial quinolinic acid was recrystallized from 40 per cent glacial 
acetic acid. All other compounds were prepared as previously described 
(1) or were available commercially. 

Pyridone Determinations—The daily excretion of the pyridone was de- 
termined as previously described (1). However, two points require further 
emphasis at this time. It has recently been noted that if the columns were 
run at a speed slower than that recommended (1) the recoveries of added 
pyridone were reduced in proportion to the length of time used. This sug- 
gested decomposition of the pyridone in the presence of the ion exchange 
resins. When a solution of the pyridone was shaken at 24° in a suspension 
of Dowex 50 (H*) or Dowex 1 (OH-) and aliquots of the suspension were 
analyzed at intervals for the pyridone, it was found that the pyridone 
slowly disappeared in the presence of Dowex 1 (OH7—).' By 48 hours over 
90 percent of the pyridone had disappeared, but no significant loss occurred 
in the presence of Dowex 50 (H*). In 1 hour there was no significant loss 
in the presence of Dowex 1 (OH~); hence with proper operation of the col- 
umns this was no problem. Columns of 1.6 cm. outside diameter have 
been found to give results identical with those obtained with columns 1.2 
cm. in diameter and have proved to be much easier to operate at the 
proper speed. 

Secondly, Hunter and Handler (9) observed that precipitation of pro- 


1 Price, J. M., unpublished studies. 
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teins from homogenates with trichloroacetic acid resulted in hydrolysis of 
the N-methyl-2-pyridone-5-carboxamide present to the corresponding 
acid. When protein was removed from urine with trichloroacetic acid, 
there was no detectable loss of pyridone (and therefore no hydrolysis since 
the corresponding acid would be retained by the analytical columns) (1). 
Further studies! have confirmed these previous observations (1). Fur- 
thermore, it has been possible to recover 98 to 100 per cent of the pyridone 
when the pure compound was allowed to stand in 5 or 10 per cent trichloro- 
acetic acid at 23-26° for as long as 1 week.' Therefore, it appears unlikely 
that the difficulties experienced by Hunter and Handler (9) apply to the 
removal of protein from urine as previously described (1). 


EXPERIMENTAL 


The subjects were allowed free choice of diet, except that they were in- 
structed to avoid ingestion of foods especially high in niacin, such as liver 
and nuts. Every practical effort was made to avoid dietary excesses or 
irregularities. 

Each subject collected two or three 24 hour urines (1) and then ingested 
the compound under test as a single dose. The urine was then saved for 
four or five more 24 hour periods. At least two subjects were used for each 
dose of each compound. 

With compounds which have not been studied with respect to acute or 
chronic toxicity, the larger doses were omitted, especially if the lower levels 
yielded conclusive results. 


Results 


The data obtained are summarized in Table I. When increasing 
amounts of nicotinamide were administered, there was an increased ex- 
cretion of the pyridone, but the per cent of the administered dose accounted 
for as urinary pyridone gradually declined. Similar results were obtained 
with nicotinic acid, but in general the per cent conversion to the pyridone 
was lower, except at the smallest dosage. As the dose increased, longer 
periods were required for complete elimination of the additional pyridone, 
but even with the largest doses the daily pyridone excretion returned to 
normal levels after 3 or 4 days. 

Administration of the pyridone itself resulted in essentially complete 
recovery of the administered dose except for the smallest one. 

N'-Methylnicotinamide administration was followed by increased ex- 
cretion of the pyridone, but the larger doses caused no further increase. 
When 0.82 mmole was taken over 12 hours in twenty-four equal doses, the 
pyridone excretion increased considerably above the level observed when 
it was administered as a single dose. 
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TABLE I 


Daily Urinary Excretion of Pyridone by Human Males before and after 
Administration of Several Known or Potential Precursors 


The results represent the average data from the number of experiments listed in 
the first column. The average daily excretion of the pyridone for the 2 or 3 days 
before the supplementation was subtracted from the daily excretion following sup- 
plementation, and the total difference was recorded as the millimoles of supplement 
accounted for as urinary pyridone. This column and the last one were based on the 
assumption that an increased pyridone excretion was the result of conversion of 
the supplement to the pyridone and that no net increase in urinary pyridone was 
due to failure of conversion. 


Mg. pyridone excreted per 24 hrs. 
3 Supplement* No. of days after Ac- |verted 
supplementation Dos- ee 
| urinary | done 
£4617 | 5 pyridone 
7 
6 | Pyridone 22.6)18.2) 40.8/19.118.5 0.164; 0.113) 69 
2 18.1/19.0)18.7|135 36 0.90 | 110 
2 | 1.48 | 90 
3 |63.6/23 .4/20.6/22.83.28 | 3.14 | 96 
7 | Nicotinic acid 18 0.164! 0.133) 81 
3 19.2)18.9)17.8) 52.2)35.9/23 | 0.38 | 47 
3 83.2/49. 1/27 .3/23.0/20.6)1.64 | 0.66) 40 
2 26 .3/26.5|172 | 1.22 | 37 
7 | Nicotinamide 19.1,18.3)18.7) 0.134) 82 
4 .9)19.5)18.8) | 0.55 | 67 
5 20 .9/20.819.8)146 | 0.95 | 58 
3 21.6/20.0/21.1/255 58.2124.9/21.9 19.5/3.28 | 1.80! 55 
2 Trigonelline 19.7|20.0) 20.9)22.4)17.5)17.1 1.64 |—0.01 | 
2 | 6-Hydroxynicotinic 21.9/25.4| 20.3)22.6)19.7 0.41 |—0.056|—14 
acid 
4 | N-Methylnicotin- 18.3|19.7| 26.7 23 8120.1 17.4|18.910.164| 0.078) 48 
amide 
3 31.8/23.0/21.0 0.41 | 0.074] 18 
2 18 .2/22.7|20.6) | 0.075) 9 
2 20.1/21.1) 40.3\33 .0)/21 0.24 | 30 
3 | MPC 19.1116.8 17.50.82 | 0.02] 2 
2 | 6-Hydroxynicotin- 25.1/23.2) 20.7)18.9 0.82 |—0.058) —7 
amide 
4 | Nieotinurie acid 22.7\22.0| 0.82 | 0.11) 1 
2 Quinolinie “ 24.3)/25.8/22.7 —0.115) 
MPF 22.8/22.5) 20.1:19.220.2 0.41 |—0.056)—14 
3| DPN | 17.8:18.3 0.41 | 0.27 | 66 


*MPC, N-methyl-2-pyridone-5-carboxylic acid; MPF, N-methyl-2-pyridone-5- 
formamidoacetic acid; DPN, diphosphopyridine nucleotide. 
t Taken in twenty-four equal portions over a 12 hour period. 
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Nicotinuric acid administration was followed by a slight, but definite, in- 
crease in pyridone excretion. However, N-methyl-2-pyridone-5-carboxylic 
acid, its glycine conjugate, quinolinic acid, trigonelline, 6-hydroxynicotinic 
acid, and 6-hydroxynicotinamide did not lead to increased pyridone excre- 
tion. 

Diphosphopyridine nucleotide was administered at only one dosage level 
to conserve material. It appeared to be about as effective as nicotinamide 
in increasing the pyridone excretion. 

With the compounds that did not appear to give rise to increased pyri- 
done excretion, only the results of the largest doses administered are re- 
corded in Table I. In all cases, however, the smaller doses gave essen- 
tially the same negative results. 


DISCUSSION 


If one accepts these results in the broadest sense, namely, that increased 
excretion of the pyridone following the administration of a known or pos- 
sible precursor indicates conversion to the pyridone and the absence of an 
increase indicates no metabolic conversion, these results suggest that in 
man there may be only one metabolic pathway from nicotinic acid to the 
pyridone. This conversion requires amidation, methylation, and oxida- 
tion, apparently in that order. Thus nicotinamide was converted to the 
pyridone, but methylated or oxidized nicotinic acids apparently were not 
so converted. Of the three possible derivatives of nicotinic acid, including 
combinations of two of these structural changes, only the N'-methylated 
amide led to an increase in pyridone excretion, while N-methy]-2-pyridone- 
5-carboxylic acid and 6-hydroxynicotinamide were inactive. The fact that 
N'-methylnicotinamide was much less effective than nicotinamide as a pre- 
cursor of the pyridone in vivo may have been due in part to rapid excretion 
of this metabolite. It has been shown by Beyer et al. (10) that there is a 
mechanism for rapid tubular elimination of N'-methylnicotinamide in the 
dog. The increased excretion of pyridone which followed ingestion of the 
compound in small portions over a 12 hour period, compared with a single 
dose of the same quantity, would be compatible with such an explanation 
for the present results. Similar complications in the absorption or excre- 
tion of some of the other compounds may account for the results obtained 
in these studies. 

The nearly physiological doses of nicotinic acid and nicotinamide were 
about 80 per cent accounted for as urinary pyridone, while, with 20 times 
that dose, only 40 to 50 per cent was accounted for as this metab- 
olite. These observations were in agreement with the results of Lin and 
Johnson (11) and Huff and Perlzweig (12) that very large doses of these 
compounds led to the urinary excretion of metabolites which could not be 
regarded as significant metabolites under normal conditions. 
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The percentage of precursor accounted for as urinary pyridone with the 
largest doses administered (3.28 mmoles of pyridone equal 500 mg.) was in ( 
excellent agreement with the data of Holman and de Lange (2) who ad- i 
ministered 500 mg. doses of some ‘of these compounds. In the average of 
two experiments by Holman and de Lange the following were accounted 
for to the extent of the percentage indicated: pyridone 77, nicotinic acid 
40, nicotinamide 52, trigonelline 1, N'-methylnicotinamide 12, and N-meth- ( 
yl-2-pyridone-5-carboxylic acid 0. Holman (4) and Sarett (5) found I 
very slight if any increase in pyridone excretion following ingestion of 1.73 
to 23.1 mmoles of quinolinie acid. a 

The average basal values for urinary pyridone ranged from 18 to 20 mg. a 
for the four subjects studied. These levels of pyridone excretion would 
indicate that all subjects were ingesting considerably more niacin than the 
minimal daily requirement. According to Goldsmith et al. (13), in a hu- 
man subject receiving about 7 mg. of nicotinamide daily on a low trypto- 
phan diet there was no detectable pyridone in the urine, but signs of niacin 
deficiency failed to develop. The addition of another 30 mg. of nicotina- 
mide to the daily intake raised the pyridone excretion to 15.2 mg. daily, 
which was in the range observed in the present study. On the basis of the 
careful studies by Goldsmith et al. (13, 14) it seems safe to assume that the 
subjects used in this study had an adequate dietary intake of niacin and 


that any administered supplement represented an excess. This would prob- , 
ably reduce the tendency for retention of.administered supplements. 

The pyridone excretion returned to basal values in about the same period 1] 
of time after the ingestion of nicotinamide, nicotinic acid, or the pyridone. 12 
This suggests that it was the rate of excretion of the pyridone and not its i 
rate of formation that was the limiting factor in the return to the normal 14 


levels of excretion. 


SUMMARY 


1. The daily excretion of N-methyl-2-pyridone-5-carboxamide (pyridone) 
by human males before and after oral administration of several known or 
possible precursors has been determined. 

2. The increased excretion of the pyridone following administration of 
0.164 mmole of nicotinamide (20.0 mg.) or nicotinic acid accounted for about 
80 per cent of the administered dose. Increasing the dose by 5, 10, or 20 
times resulted in increased absolute amounts, but lowered the percentage 
of the dose accounted for as pyridone. Diphosphopyridine nucleotide 
appeared to be about as effective as nicotinamide in increasing the pyr'- 
done excretion. 

3. The pyridone itself appeared to be excreted almost quantitatively. 

4. Owing probably to rapid renal excretion, doses of 0.164, 0.41, or 0.82 
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mmole of N'-methylnicotinamide all resulted in equal increases in pyridone 
excretion, while dividing the 0.82 mmole dose over a 12 hour period resulted 
in a 3-fold increase in per cent accounted for. 

5. Nicotinurie acid was accounted for to the extent of 13 per cent as uri- 
nary pyridone. 

6. N-Methyl-2-pyridone-5-carboxylic acid, its glycine conjugate, quin- 
olinic acid, trigonelline, 6-hydroxynicotinic acid, and 6-hydroxynicotina- 
mide failed to increase the excretion of the pyridone. 

7. The data indicate that in its conversion to the pyridone nicotinic 
acid is probably amidated, methylated, and oxidized, in that order, since 
all the possible intermediates for other metabolic sequences of these three 
reactions failed to increase the pyridone excretion. 
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THE BACTERIAL CLEAVAGE OF CANAVANINE TO 
HOMOSERINE AND GUANIDINE* 
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Canavanine, a structural analogue of arginine, occurs in high amounts 
in the jack bean, Canavalia ensiformis, and certain related plants (2) and 
has recently been isolated from Colulea arborescens (3). The biological 
role, if any exists, of this compound is unknown. Growth of many micro- 
organisms is readily inhibited by it, and in all cases tested these inhibitory 
effects are prevented by sufficient arginine (4-7). For other closely related 
microorganisms canavanine is without inhibitory properties. Canavanine 
is known also to participate in three enzymatic reactions, as follows: (a) hy- 
drolysis by arginase to canaline and urea (2), (b) oxidation by the L-amino 
acid oxidase presumably to the corresponding keto acid and ammonia (8), 
and (c) condensation with fumaric acid to yield what is believed to be 
“canavanosuccinic acid’”’ (9). 

A comparison of the behavior of Streptococcus faecalis (a canavanine-re- 
sistant organism (5)) and Lactobacillus arabinosus (a canavanine-sensitive 
organism (5, 6)) toward canavanine showed that this amino acid was read- 
ily degraded by the former, but not by the latter organism. Inasmuch as 
canavanine reportedly is not attacked by the “arginine dihydrolase”’ of 
streptococcal cells (10), the nature of the degradation reaction was investi- 
gated further and found to consist in a hitherto undescribed reductive cleav- 
age of canavanine to guanidine and homoserine. These results are de- 
scribed below. 


EXPERIMENTAL 


Microlnological Procedures—Growth media and procedures were those 
described in a previous investigation (6). Ammonium chloride interferes 
with the colorimetric determination of canavanine and was omitted from 
the medium for lactic acid bacteria. Cultures were incubated at 37° for 
24 hours. 

Determination of Canavanine and Guanidine—u-Canavanine was isolated 
from jack bean meal by a modification of the procedure of Kitagawa and 


* Presented in part at the Thirty-ninth meeting of the Federation of American 
Societies for Experimental Biology, San Francisco, April, 1955 (1). 
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Yamada (11) and gave the theoretical analyses for carbon, hydrogen, and 
nitrogen. It was determined quantitatively with aquoprusside reagent by 
a slight modification of the colorimetric procedure described by Archibald 
(12). An appropriate aliquot of the sample, 0.5 ml. of 1 mM phosphate 
buffer, pH 7.2, and 0.5 ml. of aquoprusside reagent were diluted to 4.0 ml. 
with water, the color allowed to develop for 10 minutes in subdued light, 
and the optical density at 515 my determined with the Evelyn colorimeter. 
Guanidine was detected qualitatively on paper chromatograms by spray- 


I 
Comparative Response of Several Microorganisms to Arginine and 
C'anavanine* 
Requi Inhibited by| De 
L. arabinosus 17-5 4 + 
S. faecalis R (8043). .............. + ~ + 


* Detailed data concerning inhibition of these cultures by canavanine and its pre- 
vention by arginine, arginine peptides, and related compounds have been published 
(5, 6). 

t The numbers in parentheses are catalogue numbers of the American Type Cul- 
ture Collection. We are indebted to Dr. B. D. Davis for cultures of EF. coli W and 
an arginineless mutant of it, FE. coli M 45A-25. Dr. J. Lederberg kindly provided a 
culture of E. coli Y 109. 

t Sodium citrate of the described medium (6) was replaced by one-half its weight 
of sodium acetate; 3 y per ml. of thiamine were also added. 

§ Previously classified as Leuconostoc mesenteroides P-60 (14). 


ing with a freshly prepared mixture of 2 parts of a-naphthol solution and 
1 part of diacetyl solution (13). 

Degradation of Canavanine by Growing Bacteria—Several canavanine-re- 
sistant and canavanine-sensitive organisms were cultured in the presence 
of this amino acid and sufficient arginine to permit growth. The canava- 
nine remaining in culture filtrates after 24 hours growth was compared with 
that present in uninoculated controls. The results (Table 1) showed that 
both streptococcal] species tested (both of which were canavanine-resistant) 
degraded canavanine. Neither of the canavanine-sensitive organisms 
tested (L. arabinosus and Escherichia coli Y 109) degraded this amino acid, 
as indicated by the color test. However, since three canavanine-resistant 
organisms also failed to degrade this amino acid, presence of the canava- 
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nine-destroying system cannot be the only explanation for canavanine re- 
sistance in bacteria. 

Degradation of Canavanine by Resting Cells of S. faecalis—Cells of S. 
faecalis were harvested after 12 hours growth at 37° in the synthetic me- 
dium and washed once with water. Such cells degraded canavanine slowly, 
as shown in Fig. 1. The reaction proceeds less rapidly at lower and at 
higher concentrations of phosphate buffer and does not proceed in the ab- 
sence of glucose. Fumarate failed to stimulate the reaction, which proceeds 
optimally in the pH range near 7.0 (Fig. 2). Because of the inhibitory 
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Fic. 1. Degradation of canavanine by resting cells of S. faecalis. Freshly har- 
vested cells (equivalent to 750 y of dry cells per ml.), glucose (0.055 mM), canavanine 
(0.0014 m), and phosphate buffer (0.1 m, pH 7.2) were incubated together at 37° and 
aliquots withdrawn for estimation of canavanine. 

Fic. 2. Effect of pH on degradation of canavanine by resting cells of S. faecalis. 
Phosphate buffers, 0.1 m; conditions as in Fig. 1. Incubated 18 hours at 37°. 


effects of higher buffer concentrations and the constant production of acid 
by the glycolyzing cells, the pH optimum was not defined more closely. 

Nature of Degradation Reaction—6 liters of reaction mixture containing 
canavanine, cells, glucose, and buffer at concentrations similar to those de- 
scribed in Figs. 1 and 2 were incubated at 37° for 16 hours. The incuba- 
tion mixture was freed of cells by centrifugation, concentrated in vacuo to 
about 800 ml., and placed on a Dowex 50 column in the hydrogen form 
(4.6 X 44 em.). The column was washed free of phosphoric acid (from 
the buffer) and glucose with 7 liters of water, then developed with 1 Nn HCl, 
followed by 2 N HCl. Isolation of homoserine (as its lactone) and guani- 
dine showed that the inactivation consisted in a reductive cleavage of cana- 
vanine. 

Isolation and Identification of Homoserine—A single major ninhydrin- 
positive fraction was eluted from the Dowex 50 column by 1 N HC]; this 
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appeared between 750 and 4350 ml. of the acid effluent. When chromato- 
graphed on paper with 77 per cent ethanol as the developing solvent, ali- 
quots of this fraction showed two ninhydrin-reactive zones, neither of which 
corresponded to canaline. The slower moving spot had the same R» value 
as homoserine and threonine, which are not resolved by this developing sol- 
vent. The faster moving component corresponded to the y-lactone of 
homoserine. In acid solutions homoserine is known to be in equilibrium 
with its lactone (15). The elution curve of the cleavage product from the 
Dowex 50 column coincided with that given by authentic pLt-homoserine. 
Quantitative ninhydrin analyses conducted on the effluent from smaller 
columns showed that 80 per cent of the canavanine destroyed could be 
accounted for in this product. 

For final identification, the ninhydrin-positive fraction from the column 
was concentrated in vacuo and treated with benzoyl! chloride to prepare the 
N-benzoyl] derivative. After acidification and ether extraction, the deriv- 
ative was lactonized by mild heating. The mixture was concentrated to 
dryness in vacuo and the N-benzoy] lactone extracted with absolute ethanol. 
The ethanol was removed by evaporation and the product crystallized from 
hot water. After recrystallization it melted at 138.5—139° (corrected); the 
previously cited values for L-a-benzamidobutyrolactone are the same, 139° 


(16, 17). 


Cy,HWwOsN. Caleulated. C 64.38, H 5.40, N 6.83 
205.2 Found. ** 64.31, 5.32, 6.87 


The ninhydrin-positive fraction from a second column was concentrated 
to dryness in vacuo and the residue (mostly inorganic salts) extracted con- 
tinuously with acetone in a Soxhlet extractor for 60 hours. Acetone was 
evaporated and the residue crystallized from ethanol and acetone. The 
L-a-aminobutyrolactone hydrochloride thus obtained after recrystalliza- 
tion from ethanol melted at 219-221° (corrected) and showed a rotation 
[a]? —29.1° (1 per cent in water). 


C,HsO2NCl. Calculated. C 34.92, H 5.86, N 10.25 
137.6 Found. 34.97, 5.95, 10.02 


A sample of they-lactone hydrochloride of homoserine of unspecified con- 
figuration isolated from green pea plants melted at 212.5-213° (18). A 
sample of the pi-lactone hydrochloride was prepared by permitting DL- 
homoserine to remain at room temperature in 6 N HCl for 1 hour and iso- 
lating the product as described above. The twice recrystallized product 
melted at 194—195° (corrected); the literature gives 198-200° (19). The 
infra-red spectra of the synthetic pL-a-aminobutyrolactone hydrochloride 
and the isolated L-a-aminobutyrolactone hydrochloride were essentially 


identical. 
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Isolation and Identification of Guanidine—F ollowing the elution of homo- 
serine from the Dowex 50 column, the acid strength of the developing sol- 
vent was increased to 2 nN. The effluent collected between 400 and 6800 
ml. gavea positive diacetyl reaction (13). The R,» values of this substance 
on paper chromatograms developed with 77 per cent ethanol and on paper 
electrophoresis (0.067 m phosphate buffer, pH 7.2) were identical with those 
of guanidine. The guanidine-containing fraction was concentrated to dry- 
ness in vacuo, extracted with absolute ethanol, the ethanol extract evap- 
orated to dryness, and the residue extracted repeatedly with acetone. The 
extract was then evaporated, and the residue dissolved in water and passed 
through a Dowex 1 column in the hydroxide form. The aqueous effluent 
contains guanidine as the free base. Several derivatives were prepared 
from this solution by procedures referred to in Table II. Their physical 


TaBLe II 
Comparison of Melting Ranges for Derivatives of Isolated and Authentic 
Guanidine 
Derivative Isolated Authentic Mixed m.p. Literature 
“Cc. 
pales 196 .5-197 | 196-197 197 -198 197 (20) 
a ae 221 -222 | 222-222.5 | 221 -222 229-230 (21) 
N-Benzenesulfonyl........... 211 -212 | 213-214.5 | 212.5-213.5 | 212 (22) 


* This compound melted with immediate formation of new crystals which did not 
melt at 300°. 


appearance and melting points were identical in all cases with those of the 
corresponding derivatives prepared from authentic guanidine (Table II), 
thus demonstrating the identity of the isolated product and guanidine. 
Effect of Homoserine and Guanidine on Growth of Canavanine-Sensitive Bac- 
teria—Homoserine and guanidine at concentrations equimolar with inhib- 
itory levels of canavanine did not inhibit growth of either L. arabinosus 
or E. coli Y 109. For those organisms that carry it out, the degradation 
reaction thus provides an effective means of detoxifying canavanine. 


DISCUSSION 


The enzymatic reactions of canavanine described previously appear to 
result from action of enzymes of low specificity. The reductive cleavage 
of canavanine described here, in contrast, appears specific and offers an 
explanation for an observed useful réle for this amino acid. Either cana- 
vanine or homoserine replaced threonine for a threonineless, canavanine- 
resistant strain of Neurospora (mutant 46003-R), while canavanine replaced 
homoserine for a homoserineless, canavanine-resistant strain of Bacillus 
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subtilis (mutant 189X). This observation led Teas to postulate that “ca- 
havanine must function in promoting growth by replacement of homoser- 
ine” (23). Prior hydrolytic cleavage of canavanine to canaline and sub- 
sequent conversion of the latter to homoserine were precluded because 
canaline did not substitute for homoserine in supporting growth (23). It 
thus appears likely that homoserine arose from canavanine in these organ- 
isms through an enzymatic conversion similar to that described here. The 
inability of canavanine to support growth of a canavanine-resistant, thre- 
onineless mutant of Neurospora (mutant 51504), also able to grow on 
homoserine (23), may result from absence of this enzyme. The rdle of 
homoserine in the biosynthesis of threonine in Neurospora, B. subtilis, and 
E. coli has been amply demonstrated (24-28). 


SUMMARY 


Two canavanine-resistant streptococci, Streptococcus faecalis and Strep- 
tococcus equinus, were found to destroy canavanine during growth. Rest- 
ing cell suspensions of the former organism also carried out the reaction, 
which proceeded optimally near pH 7.0, and only in the presence of a suit- 
able energy source (glucose). The products of the reaction were isolateb 
and identified as homoserine and guanidine. The reaction thus consists 
in a reductive cleavage of canavanine according to the equation: 


Canavanine + 2/H] — guanidine + homoserine 


The products of the reaction were non-toxic to canavanine-sensitive 
strains of bacteria. The reaction thus provides an effective mechanism 
for the detoxification of canavanine. It is not the only mechanism leading 
to canavanine resistance in bacteria, however, for certain resistant strains 
(e.g. Escherichia coli W) do not carry it out. 

The presence of this enzyme in strains of Neurospora and Bacillus sub- 
talis may explain the equivalence observed previously (23) of canavanine 
and homoserine in supporting growth of certain threonineless mutants of 


these organisms. 
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ISOLATION OF CRYSTALLINE ALDOSTERONE 
FROM THE URINE OF A CHILD WITH THE 
NEPHROTIC SYN DROME* 
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(From the Department of Medicine, Stanford University School of Medicine, 
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AND R. NEHER anp A. WETTSTEIN 
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In 1950, Deming and Luetscher (1, 2) found that the urine of patients 
with the nephrotic syndrome or with heart failure showed unusual sodium- 
retaining activity when assayed in adrenalectomized rats. Hyman (3) 
observed that the biologically active material was more polar than deoxy- 
corticosterone. Luetscher and Johnson (4) described the chromatographic 
separation of the highly active, sodium-retaining corticoid from the urine 
of children with nephrosis. 

In 1952, Grundy, Simpson, and Tait (5) concentrated a potent mineralo- 
corticoid, which was tentatively called electrocortin, in adrenal cortical 
extract. Subsequently, Simpson, Tait, Wettstein, Neher, von Euw, 
Schindler, and Reichstein (6, 7) have crystallized the active material and 
characterized it as the 11,18-hemiacetal of 18-oxocorticosterone (‘‘al- 
dosterone’’). 

It has been noted (8) that the sodium-retaining corticoid of urine re- 
sembled aldosterone. In order to compare the substances more closely, 
crystalline aldosterone prepared from adrenal cortical extract and purified 
but amorphous sodium-retaining corticoid from human urine have been 
exchanged. Certain comparisons of these materials are reported here. 


Methods! 


Urine was collected for 13 days from a 10 year-old boy having the char- 
acteristic evidences of the nephrotic syndrome. No steroid or corticotropin 
had been administered. The whole collection of 14.5 liters contained less 
than 1 m.eq. of sodium per liter. 

Extract A was made by acidifying the urine to pH 1.0 with concentrated 


* The work at Stanford University was supported by a research grant (A-119) 
from the National Institute for Arthritis and Metabolic Diseases, Public Health 
Service. Communication No. 130 on steroids. 

'For detection and measurement of aldosterone in urine, see also Neher and 
Wettstein (9). 
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hydrochloric acid and then extracting with four aliquots of chloroform, each 
15 to 20 per cent by volume. This procedure was completed in 40 minutes. 

Extract B was made by allowing the same urine, previously extracted, to 
stand over chloroform (15 per cent by volume) for 24 hours at 20°, with 
occasional shaking. The urine was then extracted with four aliquots of 


chloroform, each 15 to 20 per cent by volume. 


TABLE I 


Bioassay of Extracts and Fractions from Urine* 


Bioassay 
Chromatographed in Fraction assayed 
53% es Na output K: Na ratio 
min. | ¥ 
Urine Extract A 20 12.1 + 4.5) 8.4 + 2.5 
Extract A | Toluene-propyl- Fraction 10§ | 20 |1.7 | 6.9 + 4.2) 6.3 + 2.3 
ene glycol 
Fraction 10 | Bush System Bs * 4 25 |0.80) 5.9 + 4.2) 6.0 + 2.3 
4 5 33 |0.21 4.2 + 2.3 
Urine Extract B 20 11.1 + 4.2)/10.4 + 2.3 
Extract | Toluene-propyl- Fraction 10 20 |10.3 + 3.9)10.8 + 2.2 
_ ene glycol 
Fraction 10 | Bush System Bz 5 25 |12.1 + 3.9/11.4 + 2.2 
5 | Toluene-propyl- 10 20 |1.9 + 3.9) 9.1 4 2.2 
ene glycol 
Fraction 10 | Crystalline aldosterone 0.24/10.0 + 3.9| 8.7 + 2.2 
Acetylated diacetate 2.2;6.9 + 4.2 5.0 + 2.3 


* The bioassays were performed by B. J. Axelrad, R. H. Curtis, and Way Lew. 

+t a,8-Unsaturated ketone estimated by ultraviolet absorption at 240 mu. 

t Micrograms as equivalent dose of DCA (+95 per cent confidence limits). 

§ Only the active fraction is shown; significant activity was not found in other 


fractions. 


The position of each active fraction is shown in Figs. 1 and 2. 


Each extract was washed with cold sodium hydroxide solution (0.1 N) 


and then with cold water. 


After drying over anhydrous sodium sulfate, 


chloroform was removed under vacuum at a temperature below 40°. The 
residue was dissolved in ethanol and stored at 5°. 
Bioassay was performed as described by Johnson (10). The result is 


expressed as the equivalent dose of deoxycorticosterone acetate (DCA). 
The extracts were chromatographed by the methods of Burton, Zaffaroni, 


and Keutmann (11) and Bush (12). 


ultraviolet light (254 my), as suggested by Haines (13). 


Photographic prints were made in 
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Preparation of Aldosterone from Urine Extract A 


Bioassay of Extract A showed marked effects on sodium and potassium 
excretion (Table I). When the extract was chromatographed in toluene 


TaBLeE II 


Comparison of Aldosterone from Adrenal Cortical Extract and of Sodium-Retaining 
Corticoid from Urine Extract A 


Method* 7 Aldosterone (crystalline) | Sodium-retaining corticoid 
Bioassay, excretion of Potency 30 times that of | Potency 20 times that of 
Na (10) DCA (weight for DCA (weight for 
weight) weight) 
Ultraviolet absorption Maximum at 240 my in| Maximum at 238 my in 
95% ethanol 95% ethanol 
Yellow fluorescence after | Present Present 
heating with NaOH (12) 
Blue tetrazolium (15) Reduced Reduced 


Chromatography; Rr 
Toluene-propylene glycol | Slightly faster than cor- | Slightly faster than corti- 


(11) tisone sone 
Systems Bz and Bs (12) Intermediate between | Intermediate between 
cortisone and hydro- cortisone and _ hydro- 
cortisone cortisone 
System C (12) | Near hydrocortisone Near hydrocortisone 
After acetylation 
Monoacetate; Rp in ben- | Like cortisone acetate Like cortisone acetate 


zene-formamide (11) 
Diacetate, Rp in benzene- | Like 11-dehydrocorticos- | Like 11-dehydrocorticos- 


formamide terone acetate terone acetate 
Bioassay (10) Potency greatly reduced | Similar 
After oxidation with KIO,t 
Chief product (6) Lactone-hemiacetal of | Neutral steroid 


3,18-dioxo-11-hydroxy 
etien-4-ic acid 


Ultraviolet absorption Peak at 240 mz Peak at 240 my 
Blue tetrazolium Not reduced Not reduced 
Chromatography; Rr in | Slower than adrenoster- | Identical 
benzene-cyclohexane- one 
formamide 


* The figures in parentheses refer to the bibliography. 
t By a microtechnique kindly suggested by V. Mattox and H. L. Mason. 


and propylene glycol, the biological activity was found in Fraction 10, 
which moved at about the same rate as cortisone. This material was then 
rechromatographed in benzene and aqueous methanol (System B;, Bush 
(12)) and in toluene, light petroleum, and aqueous methanol (System B,). 
In these two systems, a fraction moving between cortisone and hydrocorti- 
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sone was found to contain the active substance. About one-third of the 
total sodium-retaining activity of the urine extract was recovered in the 
final preparation. Since the quantity was small, the micromethods sug- 
gested by Zaffaroni (14) and Bush (12) were employed. 

When this material was compared with aldosterone (Table II, Figs. 1 and 
2), the two preparations behaved similarly in all respects. The only differ- 
ences of possible significance were in the wave-length of maximal ultra- 
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TOLUENE: BENZENE: TOLUENE: TOLUENE: 

PROPYLENE METHANOL: LIGHT PETROLEUM: ETHYL ACETATE: 

GLYCOL WATER METHANOL: METHANOL: 
WATER WATER 


Fic. 1. Descending chromatograms of aldosterone (about 20 7) prepared from 
urine (Strip 1) and from adrenal cortical extract (Strip 2). Hydrocortisone (F) and 
cortisone (EF), 20+, were run on the two outer strips in each experiment. 


violet absorption and in the bioassay. These differences may have been 
caused by impurities in the urine preparation. 


Preparation of Crystalline Aldosterone from Urine Extract B 


Extract B showed strong sodium-retaining activity on bioassay (Table I). 
The active material was chromatographed in toluene and propylene glycol 
and in Bush’s System Be, with little loss of biological activity. Since a 
preliminary chromatogram in Bush’s System Bs; showed no further purifi- 
cation, this step was omitted. When the material was run again in toluene 
and propylene glycol, a homogeneous fraction was obtained. This sub- 
stance behaved like aldosterone in all respects on chromatography, but was 
different from the preparation from Extract A in several respects. The 
absorption maximum was higher, appearing regularly at 240 to 241 mu. 
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When the conventional extinction coefficient was employed (14), the ultra- 
violet absorption indicated the presence of material of lower biological 
activity. Acetylation yielded two new substances, whose mobilities were 


Mono - ACETATE Di- ACETATE 
Bee | 

- “16 <-OH-DOC 

Eoc 16 OH: DOC 
Mono-Acetate 

Aac 

DCA 
16 x -OH- DOC 
D.- Acetate 


BENZENE : FORMAMIDE 


Fig. 2. Descending chromatogram of aldosterone after acetylation. The ma- 
terial from urine is chromatographed on Strip 1, and that from adrenal cortical ex- 
tract on Strip 2. The monoacetate moves near cortisone acetate (Eac). The diace- 
tate moves near 11l-dehydrocorticosterone acetate (Aac). The acetates of 
1l-deoxycorticosterone (DCA) and its 16a-hydroxy derivative (16a-OH-DOC) are 
also shown. 


identical with the mono- and diacetates of aldosterone. When acetic an- 
hydride labeled with C'* was used in one experiment, the specific activity 
of the diacetate was found to be higher than that of the monoacetate, as 
expected (6). Since the quantity of steroid (1.8 mg.) remaining after these 
preliminary tests seemed adequate for further analysis, it was sent to Basle. 

On chromatography in Bush’s System C, the main spot was found to 
have the same properties as aldosterone in the following respects: Rr, re- 
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duction of blue tetrazolium, absorption of ultraviolet light, yellow fluores- 
cence with NaOH, and only extremely slight color with SbCl; and H;P0, 


WAVE NUMBER (cm! ) 
3000 2000 1500 1200 1000 900 800 


WAVE LENGTH (f/) 

Fig. 3. Infra-red absorption spectrum in chloroform (0.2 mm. micro cell in the 
Perkin-Elmer spectrophotometer model 21, with NaCl prism; resolution 4, response 
1/1, speed 2 minutes per micron, suppression 1). Spectrum I, aldosterone diacetate 
from beef adrenals, about 500 y in 4 drops of CHC];; Spectrum II, aldosterone di- 
acetate from urine, about 200 y in 4 drops of CHCly. 


WAVE NUMBER (cm.-!) 


= 3000 2000 1600 1200 1000 900 800 > 
z 
} f\ = 
n 
WV 2 

2 fax 
2 : = 


WAVE LENGTH (/) 
Fig. 4. Infra-red absorption spectrum in carbon disulfide (conditions as for Fig. 


3). Spectrum III, aldosterone diacetate from beef adrenals, about 600 + in 4 drops 
of CS:; Spectrum IV, aldosterone diacetate from urine, about 180 y in 6 drops of 


CS2. 


(16), apparently due to some impurities. The remainder of the material 
was therefore chromatographed in the same way, and the aldosterone band 
was eluted with 20 per cent methanol. The eluate was extracted with 
chloroform. This extract, inoculated in moist ether-acetone (3:1), 
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yielded 1.0 mg. of crystalline aldosterone (final m.p. 150-155°). Reerys- 
tallization gave 0.35 mg. of pure aldosterone, with the definitive melting 
point of 156-165°. Mixed melting point with authentic aldosterone showed 
no depression. The infra-red spectrum was identical with that of aldos- 
terone in every detail (17). The total yield of aldosterone in this extract 
was 1.9 + 0.2 mg. 

For an additional confirmation of the identity, the remaining preparation 
from urine was acetylated in the usual way (6) and chromatographed on 
paper in Bush’s System B;. The band absorbing ultraviolet light and 
corresponding to aldosterone diacetate was eluted with methanol. The 
eluate was used for taking the infra-red spectrum in parallel with that of 
authentic aldosterone diacetate in chloroform solution (Fig. 3). The two 
spectra are identical. The same was the case when the substances were 
regenerated from the chloroform solution, taken up in carbon disulfide, 
and the infra-red spectra determined with these solutions (Fig. 4). 


DISCUSSION 


Aldosterone has been found in adrenal cortical extract or mince (6, 
18-21), in adrenal venous blood (22, 23), and in peripheral blood (6). The 
present results demonstrate, in the single case studied, that the sodium-re- 
taining corticoid of human urine is aldosterone. It seems a reasonable 
assumption that aldosterone is also the material of identical chromato- 
graphic and biological behavior which appears in small amounts in normal 
human urine and in increased quantities during sodium depletion or during 
the accumulation of edema (24, 25). This highly active, sodium-retaining 
hormone appears to play a part in the regulation of sodium balance in 
health and in certain diseases. 


SUMMARY 


Extracts of urine from a child with the nephrotic syndrome have yielded, 
successively, (1) a substance which behaves like aldosterone in chroma- 
tography, various microchemical tests, and biological activity; (2) erys- 
talline aldosterone, identical in melting point and infra-red spectrum with 
authentic aldosterone prepared from adrenal cortical extract; and (3) af- 
ter acetylation, a product identical in infra-red spectrum with authentic 
aldosterone diacetate. 
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ENZYMATIC PHOSPHORYLATION OF VITAMIN Beg 
ANALOGUES AND THEIR EFFECT ON TYROSINE 
DECARBOXYLASE 


By JERARD HURWITZ* 


(From the Department of Biochemistry, School of Medicine, Western Reserve 
University, Cleveland, Ohio) 


(Received for publication, January 17, 1955) 


Structural analogues of naturally occurring compounds may exert in- 
hibitory action by direct competition or they may be metabolized to form 
inhibitory compounds (2). In the case of the vitamin Bs, antagonist, 
deoxypyridoxine, Umbreit and Waddell (3) have shown that this com- 
pound must be phosphorylated before it becomes an inhibitor of tyrosine 
apodecarboxylase. It is of interest that arabitylflavin and dichloroflavin 
(4, 5), both of which are growth inhibitors for various organisms, are 
capable of being phosphorylated by yeast flavokinase (6). 

The experiments presented here are a further study of the mode of ac- 
tion of vitamin Bg analogues. It has been found that at least two modes 
of action of vitamin Bs, analogues are responsible for inhibitory action. 
Evidence will be presented demonstrating that inhibition is due to (1) 
competition between the phosphorylated analogues and pyridoxal phos- 
phate for tyrosine apodecarboxylase, and (2) direct inhibition of pyridoxal 
kinase. 

Results 


Under conditions in which the concentration of pyridoxal phosphate did 
not saturate tyrosine apodecarboxylase (5.5 K 10-° m (7)), a molar ratio 
of free analogue to pyridoxal phosphate of 45,000:1 did not prevent the 
union of the coenzyme with tyrosine apodecarboxylase (Table I, Column 
1). With pyridoxal, as much as 10 umoles has been used with no inhibitory 
effect, and the ratio in this case was 182,000: 1. 

When certain of the analogues and adenosine triphosphate (ATP) were 
incubated for 15 minutes with a tyrosine apodecarboxylase preparation as 
indicated in Table I, Columns 2 and 3, the decarboxylation of tyrosine was 


* This work was carried out during the tenure of a Predoctoral Fellowship from 
the National Institutes of Health and was supported in part by a grant from the 
Elisabeth Severance Prentiss Fund of Western Reserve University. The experi- 
ments reported here are taken from the thesis of Jerard Hurwitz, submitted in partial 
fulfilment of the degree of Doctor of Philosophy, September, 1953. Present address, 
Department of Health, Education, and Welfare, National Institutes of Health, 
Bethesda 14, Maryland. A preliminary report of this work has appeared (1). 
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inhibited. Compounds such as deoxypyridoxine (III), 4,5-dihydroxy- | 
methyl-2-methylpyridine (V), 3-amino-4, 5-dihydroxymethyl-2-methyl- | 


TABLE I 
Effect of Analogues on Tyrosine Decarborylase 


Column 1 Column 2 Column 3 
Analogue 
wl. | wl. COz per; Per cent ul. 
per10 min.| 10 min. inhibition | per 10 min. 
2-Methyl-3-hydroxy-4-hydroxy- I 101 89 0 2 
methylpyridine 
2-Ethyl-3-amino-4-ethoxy- II 94 95 0 0 
methyl-5-methylaminopyri- 
dine 
Deoxypyridoxine III 92 52 43 0 
3,4-Dihydroxymethy]-2,6-di- IV 94 100 0 3 
methylpyridine 
4,5-Dihydroxymethyl-2-methyl- V 95 56 38 0 
pyridine 
3-Amino-2-methyl-4,5,6-trihy- VI 99 97 0 3 
droxymethylpyridine 
5-Hydroxymethyl-2,4,6-tri- VII 102 104 0 0 
methylpyridine 
3-Hydroxy-5,6-dihydroxy- VIII 99 99 0 0 
methyl-2-methylpyridine 
3-Amino-4,5-dihydroxymethy]- IX 98 66 27 5 | 
2-methylpyridine 
Pyridoxine xX 100 39 57 0 | 
Pyridoxamine XI 92 142 Stimu- 116 | 
lation* 
Pyridoxal 93 124 
phosphate control 97 92 


Column 1, ability of analogues to inhibit pyridoxal phosphate union with tyrosine 
apodecarboxylase. 0.5 ml. of 5 KX 10°-* m analogue preincubated 10 minutes with 
0.25 ml. of tyrosine apodecarboxylase and 1.0 ml. of 0.2 m acetate buffer, pH 5.5; 
0.5 ml. of 1.1 X 10-7 m pyridoxal phosphate was added and the mixture preincubated 
an additional 10 minutes. Then 0.5 ml. of 0.03 mM tyrosine was tipped in from the 
side arm. Total volume 3 ml. after H2O addition. Temperature 30°. 

Column 2, analogue and 0.25 ml. of 2.9 K 10-3 m ATP preincubated 15 minutes 
with tyrosine apodecarboxylase; then pyridoxal phosphate was added and an addi- 
tional 15 minute preincubation repeated before tyrosine addition. 

Column 3, ability of analogues + ATP to replace pyridoxal phosphate. Condi- 
tions as above except that pyridoxal phosphate was omitted. 

* See foot-note 1. 


pyridine (IX), and pyridoxine (X) were inhibitory, the latter being the 
most potent of all. The tyrosine apodecarboxylase preparation contains 
the kinase capable of phosphorylating pyridoxal (8). In Table I, Column 


— 


J. HURWITZ 515 


3, it is shown that after incubation with ATP and the kinase none of the 
compounds except pyridoxamine! can replace pyridoxal phosphate in ac- 
tivating tyrosine apodecarboxylase. When the enzyme preparation is 
added to a mixture containing analogue, ATP, and pyridoxal phosphate as 
described in Table II, Column 1, there is, surprisingly, the same inhibition 
as before (Table I, Column 2). However, when pyridoxal phosphate is 


TABLE II 
Effect of Order of Addition of Pyridoral Phosphate on Inhibition of Tyrosine 
Decarboxrylase 
Column 1 Column 2 
Analogue No. 
ul. COz per 10 min. | Per cent inhibition ul. ee 10 
II 72 0 72 
III 44 36 67 
V 39 44 69 
IX 46 33 70 
X 32 67 
XI 139 Stimulation* 147 
Pyridoxal phosphate control 69 71 


Column 1, tyrosine apodecarboxylase preparation added to analogue, ATP, and 
pyridoxal phosphate. Preinecubated 15 minutes before tyrosine addition. Pyri- 
doxal phosphate added 3.7 K 

Column 2, 3.7 X 10-8 mM pyridoxal phosphate and tyrosine apodecarboxylase pre- 
incubated 10 minutes; then analogues and ATP added, followed by another 15 min- 
ute preincubation before tyrosine addition. 

* See foot-note 1. 


first added to the enzyme preparation and preincubated to allow sufficient 
time for its union with the apoenzyme, addition of analogue and ATP has 


‘Under the conditions described in Table IV, pyridoxamine, after incubation, 
was found to be inhibitory, contrary to the results previously obtained (Tables I, 
I], and III). Pyridoxamine upon standing in solution forms pyridoxal which, in 
the presence of ATP and the kinase, forms pyridoxal phosphate. When a fresh 
solution is prepared and immediately used (with ATP and the kinase), there is no 
stimulation of tyrosine apodecarboxylase. The absolute specificity of tyrosine de- 
carboxylase for pyridoxal phosphate is in accord with the observation of Gunsalus 
and Umbreit (8). In contrast to the results with pyridoxamine, the inhibition by 
pyridoxamine phosphate (XI) formed, as indicated in Table IV, is comparatively 
low. It is possible that the 30 per cent inhibition observed is the net effect of some 
inhibition and some stimulation. It was not unequivocally proved that there is a 
system capable of transforming pyridoxamine phosphate to pyridoxal phosphate in 
the tyrosine apodecarboxylase preparation. Perhaps the prolonged incubation of 
pyridoxamine with the yeast pyridoxal kinase resulted in the formation of minute 
amounts of pyridoxal, possibly non-enzymatically. 
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no effect (Table II, Column 2). The latter phenomenon was initially ob- 
served by Umbreit and Waddell (3). 

In the preceding experiments, the phosphorylation of the analogues was 
dependent on pyridoxal kinase present in the Streptococcus faecalis KR ty- 
rosine apodecarboxylase preparation. The kinase has been purified from 
veast and its properties studied in detail (7). In order to determine 
whether yeast pyridoxal kinase and the enzyme from S. faecalis R had the 
same specificity, the analogues were incubated with the yeast kinase. 
Table III summarizes the results obtained. Again it was found that pyr- 


Taste III 
Inhibition by Analogue Phosphates Formed with Yeast Pyridoxal Kinase 
Analogue No. wl. COz per 10 min. Per cent inhibition 
II 86 0 
III 54 39 
\ 76 14 
IX 73 16 
X 12 87 
XI 120* 38% stimulation 
Pyridoxal phosphate control 90 | 


0.5 ml. of 5 X 10°43 mM analogue, 0.2 ml. of 0.05 m ATP, 0.1 ml. of 0.2 mM maleate buf- 
fer, pH 6.9, 0.2 ml. of 0.02 mM MgSO,, 3.43 mg. of enzyme at Step F (7). The tubes 
were incubated 12 hours at 33.5° and the reactions stopped by boiling. An aliquot 
was treated with apyrase to destroy excess ATP, and then an aliquot of apyrase- 
treated solution was assayed for its ability to inhibit the union of 5 &K 10°8 m pyri- 
doxal phosphate with tyrosine apodecarboxylase. The final dilution used was 200- 
fold and refers to the extent that the original reaction mixture used for inhibition 
assays was diluted. 

Under the same conditions as above, 635 mymoles of pyridoxal phosphate were 
formed from pyridoxal. 

* See foot-note 1. 


idoxine (X) was the most potent inhibitor, while analogue II was not 
inhibitory. Qualitatively, the kinase prepared from the different sources 
has the same specificity. 

In the above experiments, it was possible that the phosphorylation of 
the analogues was not obligatory in forming inhibitory products for tyro- 
sine decarboxylase. This possibility was tested in the following ways: (a) 
by analysis of labile phosphate disappearance, (b) by the use of P*-labeled 
ATP and isolation of the products, and (c) by an indirect analysis of yeast 
pyridoxal kinase incubation mixture products. 

Attempts to produce substantial amounts of the analogue phosphates 
proved difficult. Labile phosphate disappearance could be detected with 
analogues III, V, 1X, X, and XI after incubation with the yeast kinase, 
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while none could be found with the other analogues. The above measure- 
ments were hampered by the small amounts of labile phosphate which dis- 
appeared, and a more accurate method for the determination of the extent 
of phosphorylation was sought. A more accurate measure of phosphoryla- 
tion was made possible by the use of P**-labeled ATP and the isolation of 
P-labeled analogue phosphate esters. It was possible to separate ATP” 
and its breakdown products from the analogue phosphate esters formed by 
employing Dowex 50 (H*) ion exchange columns. The elution pattern of 
some of the analogue phosphate esters is shown in Fig. 1. 


a 
z° 
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ro) 
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FRACTION NUMBER 


Fic. 1. Elution of analogue phosphates from Dowex 50. Each fraction consisted 
of 10 ml. of solvent. The dotted outline indicates analogue phosphate IX; the dash 
line, deoxypyridoxine phosphate; the solid line, pyridoxine phosphate. In the case 
of analogue phosphate IX and pyridoxine phosphate, 0.1 N HCl was used as the elut- 
ing agent. With deoxypyridoxine, 0.1 N HCl was used from Fractions 1 to 5; after 
Fraction 5, 1 Nn HCl was the eluting agent. 


ATP® was biologically prepared, and after incubation with yeast 
pyridoxal kinase and the analogues, as described in Table IV, Column 1, 
the analogues were found to be inhibitory, as previously observed (Table 
III).!. The reaction mixtures were chromatographed on Dowex 50 (H+) 
columns and eluted in 10 ml. fractions. It can be seen that pyridoxine 
phosphate, deoxypyridoxine phosphate, and analogue phosphate IX were 
adequately separated from ATP and its P® derivatives. ATP as well as 
its breakdown products is not retained by the resin and could be washed 
off the resin. The activity found in the first fraction is due to incomplete 
removal of ATP, adenosine diphosphate, or inorganic P. Adequate separa- 
tion was not obtained with analogue V. When boiled enzyme was used, 
no P® activity was obtained after washing the columns with H:O and after 
the first 10 ml. fraction of 0.1 N HCl (see ‘““Methods”’). The above isolated 
compounds were lyophilized in order to remove the HCl, dissolved in 4 ml. 
of H,O, and assayed for their inhibitory effect on holoenzyme formation. 
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The results are summarized in Table IV, Column 2. The concentration 
of analogue phosphate was determined from the P® content of the eluted in 
fractions. The P*® content of ATP used was 10,215 c¢.p.m. per umole. lo 
The P* in biologically prepared ATP is predominantly located in the labile Ww 


TABLE IV 


Inhibition of Tyrosine A podecarborylase by Analogues Phosphorylated with P* 


| 


| Column 1 Column 2 


Concentration of 
analogue phosphate 


Analogue No. 
wl. COz2 per| Per cent | wl. COz Per cent 
10 min. inhibition, 10min. | inhibition 


M — 


II 140 
III 73.3 
Vv 104.7 
VI 136.8 


0 
51 89.4 2.93 10°5 
30 
8 
IX 109.8 26 
78 
30 


X 32.1 
XI 104.8 
Pyridoxal phosphate control | 150.3 118.6 — 


Column 1, assay of inhibition immediately after incubation. Aliquot removed 
and treated with apyrase; aliquot of apyrase-treated preparation removed and as- 
sayed for ability to inhibit tyrosine apodecarboxylase. The dilution of the original 
incubation mixture which was assayed for inhibitory action was 250-fold, under the — 
following conditions: 1.1 X 10-7 m pyridoxal phosphate and an aliquot of apyrase- 
treated sample preincubated 10 minutes with tyrosine apodecarboxylase at 30°; — 
tyrosine added from the side arm. 

Column 2, ability of lyophilized P** analogues (eluates of Fig. 1) to inhibit tyro- 
sine apodecarboxylase. In this case the lyophilized fractions were taken up in 4 | 
ml. of water, and an aliquot was treated with apyrase in the usual manner (7). 
Another sample was diluted to give exactly the same concentration of the apyrase- 
treated sample. Both produced the same inhibition. 

Conditions for inhibition, 7.5 X 10-* m pyridoxal phosphate and the amount of 
eluates indicated preincubated as above. Incubation conditions as in Table III 
with the exception that phosphate buffer replaced maleate buffer and 5.2 mg. of alc 
enzyme at Step F were used. ph 


phosphates (9), and it is assumed that their activities are equal. Thus, the wh 


P®? content of 1 umole of analogue phosphate should be 5108 c.p.m.? 50 
* Cobey and Handler (10) recently pointed out that in muscle the incorporation 

of P* into ATP may not be equally distributed between the two labile phosphates. or 

They found that 30 minutes after injection of P® the second phosphate of ATP has co 

only 20 to 30 per cent of the activity of the primary labile phosphate group. It is — 

not known whether the labile phosphates are more nearly equilibrated after 3 hours gre 

(the conditions used here). If most of the activity of the ATP was located in the a 


primary phosphate, then the calculated amount of analogue phosphate would be ert 
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The effect of varying the analogue phosphate concentration is indicated 
in Table V. With pyridoxine phosphate, the molar concentration of ana- 
logue phosphate to pyridoxal phosphate necessary for 50 per cent inhibition 
was found to be 20. With deoxypyridoxine phosphate, this ratio was 94, 


TaBLe V 
Inhibition Due to Analogue Phosphates 


| Molar ratio of inhibitor 


Inhibitor concentration | ul. COz per 10 min. Per cent inhibition phosphate to pyridoxal 
phosphate 
Inhibition by pyridoxine phosphate 

None | 105.9 | | 

5.45 X 107 73.5 | 30.6 7.8 

10.9 K 10°77 61.4 | 42 | 15.6 

2.8 xX 107 | 43.2 59.1 31.2 


Inhibition by 3-amino-4,5-dihvdroxvmethyl-2- methylpyridine 


1.62 x 10-8 98.9 | 6.6 | 231 
8.1 x 10°5 | 68.8 | 35 | 1155 
16.2 10-5 | 58.4 45 | 2310 
20.2 45.0 | 2888 


Inhibition by deoxypytidoxine phosphate 


| 


+ - - 


2.95 X 10-7 100.4 5.7 4.2 
5.9 X 107 99.4 6.2 8.4 
11.8 X 107 92.9 12.3 16.8 
29.5 X 107 78.4 29.7 42 
59 X 107 58.4 | 44.3 84 
73.8 X 1077 51.4 | 52 | 105 


Pyridoxal phosphate concentration, 0.3 ml. of 2.34 107 ‘solution. The an- 
alogue phosphate was added to apodecarboxylase first and then the pyridoxal phos- 
phate. Preincubated together 10 minutes; then tyrosine was added. 


while with analogue phosphate LX a molar ratio of 2050 was required for 
50 per cent inhibition. 

All of the above calculations depend upon the assumption that ATP* 
or its breakdown products are completely absent. To insure that these 
contaminants were not ‘present, the phosphorylated analogues were sub- 


ieberthen it ania was. Sincea proportional error is made in each case and since 
4a comparison between analogue phosphates is made on the same basis, the above 
error is not important. 
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jected to paper chromatography by the method of Bandurski and Axelrod 
(11). A summary of the activity found is illustrated in Fig. 2. In the 
case of pyridoxine phosphate, only one peak was observed. The highest 
point of the activity graph was used to calculate the R,- of the compound, 
which was 0.64. The strips between 16 cm. and 22 em. were combined 
and eluted with 1 ml. of H,O overnight and then assayed for its inhibitory 
effect on tyrosine apodecarboxylase. The molar ratio of pyridoxine phos- 
phate to pyridoxal phosphate was 39.7, and 74.4 per cent inhibition was 


T T T T 
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= 80+ 
a 
5 
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Fia. 2 Fia. 3 


Fic. 2. Migration of phosphorylated compounds on paper. Symbols as for Fig. 
1. The solvent consisted of 80 volumes of methanol, 15 volumes of formic acid, and 
5 volumes of H2O. Ascending chromatographs run at 0°. After drying, the paper 
was cut into 1 em. strips and counted on brass planchets. 

Fig. 3. Determination of A; for analogue II. Curve 1, Ag determination with 
varying concentrations of pyridoxal. Curve 2, the concentration of pyridoxal was 
varied as in Curve 1 in the presence of 1 X 1073 m 2-ethyl-3-amino-4-ethoxymethy]-5- 
methylaminopyridine. 


found. In the case of analogue phosphate LX, a small peak remained 
at the starting boundary. This material had no inhibitory effect. The 
major peak had an Fy of 0.51 and at a molar ratio of 300 gave 15 per cent 
inhibition. With deoxypyridoxine phosphate, three discernible peaks were 
found: a small peak at the starting boundary as well as an ultraviolet-ab- 
sorbing peak with an R, of 0.47 and a large peak with an Ry of 0.74. The 
latter two peaks were eluted, and only the peak with R, 0.74 caused in- 
hibition. Ata molar ratio of 55.8 an inhibition of 25 per cent was observed. 
The inhibition is lower than that recorded in Table V, since a 25 per cent 
inhibition previously corresponded to a molar ratio of 34. In all the above 
cases, the concentration of inhibitor was determined by directly counting 
the paper-eluted fractions. 


lo 
ti 

if 
Ww 
el 
CC 
in 

0 
el 

| 
II 

1( 
lo 

K 

| 

| a 
pl 
6 
ne 
ar 
DO 

gr 
V, 

ti 

it 
its 
ths 
ph 

Ly 
the 
ph 
the 
ths 

an 

fo 


J. HURWITZ 521 


The third method used for determining whether the non-inhibitory ana- 
logues were phosphorylated was in essence a determination of the dissocia- 
tion constant of an enzyme-inhibitor complex (K;). It is assumed that, 
if the analogues are phosphorylated by pyridoxal kinase, a competition 
would occur between analogue and pyridoxal for the active sites of the 
enzyme. The concentration of pyridoxal was varied in the presence of a 
constant concentration of analogue (1 KX 10-* Mm). In the absence of any 
inhibitor, the yeast kinase catalyzed the synthesis of 42 and 31 mumoles 
of pyridoxal phosphate when 1 XK 10-? and 1 X 10-* m pyridoxal was pres- 
ent. The same synthesis of pyridoxal phosphate was obtained with ana- 
logues I, IV, VI, and VIII, indicating that none of these compounds com- 
pete with pyridoxal for the kinase. However, in the presence of analogue 
II, only 3.8 myumoles of pyridoxal phosphate were formed from 10-* m 
pyridoxal, while 21.7 mumoles of the phosphate ester were formed with 
10-? m pyridoxal. A J ineweaver-Burk plot (Fig. 3) indicated that ana- 
logue II was a competitive inhibitor, with a K, of 7.35 X 10-* M, while the 
Kg for pyridoxal is 1.4 10-4 (7). 


DISCUSSION 


The structures of the various analogues are presented in Fig. 4. It 
appears that the primary site of formation of the enzyme-substrate com- 
plex for pyridoxal kinase and its substrates is through either position 5 or 
6 of the pyridine ring, or possibly both. The features of the compounds 
neither inhibitory nor phosphorylated (compounds I, IV, VI, VII, VIII) 
are either the lack of a hydroxymethyl group in position 5, substitution in 
position 6, or both. The opposite, e.g. free 6 position and hydroxymethy! 
group in position 5, is common to all the compounds phosphorylated (111, 
V, IX, X, XI, and XII). Analogue II possesses a methylamine in posi- 
tion 5, and, while no evidence for its phosphorylation has been obtained, 
it is capable of forming a complex with pyridoxal kinase as evidenced by 
its competitive inhibition of pyridoxal phosphorylation. 

All of the above deductions are based on two assumptions. The first is 
that the enzyme which phosphorylates pyridoxal is the same enzyme which 
phosphorylates the analogues. It is possible that there are separate en- 
zymes which catalyze these phosphorylations. The second assumption is 
the site of phosphorylation. Since pyridoxal phosphate is the 5-phos- 
phate ester (12), it has been assumed that the site of phosphorylation of 
the analogues is the same. The only plausible site for phosphorylation 
that is common is the 5-hydroxymethyl group. 

The structural requirements for union of pyridoxal phosphate analogues 
and tyrosine apodecarboxylase cannot be defined at present. More in- 
formation could have been obtained if all the analogues had been phos- 
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phorylated. Since the high molar ratio of analogue to pyridoxal phos- 
phate of 45,000 (the highest analogue concentration used) has no inhibitory 
effect, it clearly demonstrates the requirement of the phosphate group. 
However, if this were the only requirement, there would be no variation 
in the molar concentration of phosphorylated analogues required to in- 
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hibit holoenzyme formation. Thus, the other substituents of the phos- 
phorylated analogues have a profound influence. 

It is interesting to note that the inhibitors which affect either the de- 
carboxylase or kinase are known to be inhibitors in vivo. Martin et al. 
(13) demonstrated that the growth of Saccharomyces cerevisiae, G. M., was 
inhibited by analogue I (2-methyl-3-hydroxy-4-hydroxymethylpyridine) 
and by 2-ethyl-3-amino-4-ethoxymethyl-5-methylaminopyridine (analogue 
II). Since the former compound is not inhibitory to the decarboxylase or 
kinase, it may indicate that it is capable of blocking the oxidation of pyr- 
idoxine or its absorption through the cell wall. Ott (14) demonstrated 


ti 
B 
be 
h: 
t 
( 
de 
de 
e 
B 
as 
th 
fr 
p 
lig 
al 
er 
Ls 
m 
HO CHoOPO3 3. 
dr 
pe 
me 
a 
pe 
int 
co 
th 
ch 
T 


J. HURWITZ 523 


that methoxypyridoxine was as potent an inhibitor as deoxypyridoxine for 
chicks. Mariella and coworkers (15, 16) synthesized 2-methyl-3-hydroxy- 
5-hydroxymethylpyridine and reported it to be slightly inhibitory. 

Rabinowitz and Snell (17) have studied the effect of a variety of vitamin 
B, analogues which were found to be inhibitors for Saccharomyces carls- 
bergensis. These analogues were 5-deoxypyridoxal, 5-deoxypyridoxine, 
5-deoxypyridoxamine, and w-methylpyridoxine. The latter compound 
had been shown capable of promoting growth of excised tomato roots (18), 
though Robbins and Ma reported it to be inhibitory for Ceratostomella ulmi 
(19). Rabinowitz and Snell made the interesting observation that 5- 
deoxypyridoxine and w-methylpyridoxine inhibit the same site, while 5- 
deoxypyridoxine and 5-deoxypyridoxal act at different sites. It is thus 
evident that any generalization concerning the mode of action of vitamin 
Bs, antagonists is premature. 


Methods 


Pyridoxal kinase, tyrosine apodecarboxylase, and apyrase were prepared 
as described previously (7). Pyridoxal phosphate was obtained either as 
the Ca salt through the generosity of Dr. W. W. Umbreit or commercially 
from the Monsanto Chemical Company. Fresh solutions of pyridoxal 
phosphate were prepared just before use and were carefully protected from 
light. They were not kept for more than 48 hours. Pyridoxal, pyridoxine, 
and pyridoxamine were obtained as the hydrochloride from the Nutritional 
Biochemicals Corporation. The following pyridoxine analogues were gen- 
erously given to the author by Dr. Reuben G. Jones of the Lilly Research 
Laboratories, Indianapolis, Indiana: 3-amino-4,5-dihydroxymethy]-2- 
methylpyridine, 3-amino-2-methyl - 4,5,6 - trihydroxymethylpyridine, 
3-hydroxy-5 ,6-dihydroxymethyl-2-methylpyridine, 5-hydroxymethy]-2 ,4 ,- 
6-trimethylpyridine, 4 ,5-dihydroxymethyl-2-methylpyridine, and 3 ,4-dihy- 
droxymethyl-2 ,6-dimethylpyridine. Deoxypyridoxine hydrochloride was 
obtained commercially from the Research Laboratories of Merck and Com- 
pany. 2-Ethyl-3-amino-4-ethoxymethyl-5-methylaminopyridine and 2- 
methyl-3-hydroxy-4-hydroxymethylpyridine were obtained from Merck 
and Company (the author is indebted to Dr. T. P. Singer for these com- 
pounds). 

ATP® was prepared from rabbit muscle. A 6 kilo rabbit was injected 
intraperitoneally with 7 me. of inorganic P**. The animal was placed in a 
cold room at 1° for 30 minutes, 2.5 hours more at room temperature, and 
then anesthetized with MgSO, (20). The ATP was isolated by mercuric 
chloride extraction according to a procedure obtained from Dr. G. Cantoni. 
The final ATP preparation was chromatographed on a Dowex 1 (CI-) 


*The author is indebted to Dr. G. Cantoni for this method. 
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column and isolated in the manner described by Cohn and Carter (21), 
The eluates were combined and neutralized to pH 8.5, and barium acetate 
was added and the precipitate collected. The material was kept in a desic- 
cator under vacuum for 2 days before use. 

The pyridoxal phosphate determination and tyrosine decarboxylase assay 
were carried out as described previously (7) except where indicated. 

The separation of the P*? analogue phosphates was carried out on Dowex 
50 (H+), 100 to 200 mesh. After inactivating the enzyme by boiling for 
3 minutes, the solution was adjusted to pH 3 with 1 n HCl and then passed 
through the column, which was subsequently washed with H.O, and then 
acid was used for elution, as shown in Fig. 2. 


The author is indebted to Dr. E. B. Kearney and Dr. T. P. Singer for 
suggesting the problem and to Dr. H. Rudney, Dr. H. G. Wood, and Dr. 
J. A. Muntz for their advice and guidance during the course of this work. 


SUMMARY 


A study of a series of analogues of vitamin Bg indicated that the kinase 
preparation which phosphorylated pyridoxal] in the presence of ATP phos- 
phorylated certain other vitamin Bg derivatives. A variety of pyridoxine 
analogues were not phosphorylated, and the structural characteristic com- 
mon to these compounds was the presence of a substituent in the 6 position 
of the pyridine ring. All the compounds found to be phosphorylated were 
unsubstituted in the 6 position and contained a hydroxymethyl] group in 
the 5 position of the pyridine ring. 
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THE ACTIVATION OF CHYMOTRYPSINOGEN 


ISOLATION AND IDENTIFICATION OF A PEPTIDE LIBERATED 
DURING ACTIVATION* 


By WILLIAM J. DREYER anp HANS NEURATH 


(From the Department of Biochemistry, University of Washington, 
Seattle, Washington) 


(Received for publication, May 12, 1955) 


Reactions attending the conversion of precursors of proteolytic enzymes 
to the active form are distinguished by several features of unusual interest: 
(a) they are enzyme-catalyzed; (b) they are irreversible; (c) they involve 
the opening of a limited number of peptide bonds; (d) they provide an 
experimental system for the study of the final steps in formation of a 
biologically specific protein and of the relation of chemical structure to 
biological activity of proteins (3). 

In recent studies in this laboratory (4), including the present work, 
several intermediates formed during the activation of chymotrypsinogen 
have been recognized by a combination of methods. These have included 
electrophoresis, end-group analysis, enzymatic activity, peptide analysis, 
and sedimentation. As a result of the present experimental study, which 
dealt in particular with the nature of the peptide released during the rapid 
activation of chymotrypsinogen, it has been possible to identify the nature 
of the limited number of peptide bonds hydrolyzed during the activation 
process. 


EXPERIMENTAL 
Materials 


Chymotrypsinogen was prepared (5) from freshly frozen beef pancreas 
glands.'. One of the preparations employed was recrystallized six times 
with ammonium sulfate, whereas the other was recrystallized seven times 
with ammonium sulfate and twice with ethanol (6). 

a-Chymotrypsin was a twice crystallized preparation, made as previously 
described (5). 

Trypsin was a twice crystallized sample, containing approximately 50 per 

* Presented in part before the Forty-sixth annual meeting of the American So- 
ciety of Biological Chemists at San Francisco, California, April 11-15, 1955 (1). A 
preliminary report has been published (2). 

' We are indebted to The Wilson Laboratories, Chicago, Illinois, for a crude pro- 


tein precipitate, obtained from freshly collected beef pancreas glands, which served 
as starting material for the isolation of chymotrypsinogen and a-chymotrypsin. 
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cent magnesium sulfate, obtained from the Worthington Biochemical Sales 
Company, Freehold, New Jersey. Prior to use, the protein was dialyzed 
against 0.001 ~ HCl and lyophilized. 

8-Phenylpropionic acid (reagent grade) was obtained from the Eastman 
Kodak Company, Rochester, New York. 

Ton exchange resins (Dowex 50 and XE-64) were obtained from The 
Dow Chemical Company and from Rohm and Haas. 

DNP? derivatives of twenty-two amino acids were prepared by Mr. H. 
L. Pan according to published methods. 


Methods 


Moving boundary electrophoresis was carried out in the Spinco, model H, 
electrophoresis apparatus. Sodium acetate buffer, ionic strength 0.1, pH 
4.97 (at 25°), was used. For adequate resolution of the components, 
electrophoresis for extended periods of time, up to 24 hours, was necessary; 
electrolytic compensation (7) was employed to maintain the boundaries 
within view at all times during the electrophoretic experiment. In order 
to minimize proteolytic changes during the electrophoretic analysis, DFP 
was added to the activation mixtures to convert the active enzymes into 
the inactive diisopropylphosphory] derivatives. 

Paper electrophoresis was carried out with an apparatus similar to that 
described by Durrum (8); strips of Whatman No. | filter paper, 1.5 inches 
wide, were used. 

Chymotrypsin activity was determined under conditions similar to those 
described in recent publications (9) with acetyl-L-tyrosine ethyl ester as 
substrate. 

Activation—The composition of rapid activation mixtures was as follows: 
chymotrypsinogen 40 mg. per ml., trypsin 1.2 mg. per ml., sodium phos- 
phate buffer, pH 7.8, 0.05 m. Activation was carried out at 0°. In cer- 
tain cases the activation mixtures also contained 0.1 mM sodium £-pheny! 
propionate. Prior to activation, chymotrypsinogen was dialyzed for 30 
hours against 0.001 n HCl in order to remove all traces of peptides or 
amino acids. The solutions were then passed slowly through a column 
containing Dowex 50 ion exchange resin, X4, 20 to 50 mesh, in the hydro- 
gen form. 

Protein concentrations were determined spectrophotometrically; ex- 
tinction coefficients were E33 = 20.6 for chymotrypsinogen (10) and 
E34, = 14.4 for trypsin (11). 


? The following abbreviations are used: DNP, dinitrophenyl; DFP, diisopropy! 
phosphofluoridate; TCA, trichloroacetic acid. 
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Results 
Preliminary Identification of Activation Peptide 


Rapid activation mixtures were prepared, and activation was terminated 
by addition to a suspension of Dowex 50 ion exchange resin, X4, 20 to 
50 mesh, in the hydrogen cycle (12). Material adsorbed on the resin was 
eluted with 8 N ammonium hydroxide and subjected to two-dimensional 
paper chromatography on Whatman No. 1 filter paper, with butanol- 
acetic acid-water (4:1:5) as solvent in one dimension and 2-butanone-fert- 
butanol-diethylamine-water (40:40:4:10) (13) in the second dimension. 
After development with ninhydrin in butanol and collidine (14), a pale 
yellow spot appeared which, upon steaming for 5 to 10 minutes, became 
purple. Several very faint purple spots also appeared, probably denoting 
the presence of minor amounts of other peptides arising from non-specific, 
secondary proteolytic degradations. The Rr value of the major peptide 
was in both solvent systems intermediate between those of arginine and 
lysine. 


Amino Acid Analysis of Peptide Fraction of Activation Mixtures 


In order to relate the appearance of a peptide to the activation process 
proper, it was necessary to demonstrate that the constituent amino acid 
residues of the peptide bear stoichiometric relationships to the amount of 
chymotrypsin formed. Experiments were, therefore, carried out to deter- 
mine which amino acids were present in stoichiometric amounts in an acid 
hydrolysate of the peptide fraction. Such an analysis includes the con- 
stituents of all peptides, ninhydrin-positive or negative, and the results 
are independent of secondary degradations of the primary peptide prod- 
ucts. The method thus places an upper limit to the size and composition 
of the peptide being determined. 

In a typical experiment, a rapid activation mixture (65 minutes of 
activation at 0°) was treated with a 50-fold molar excess of 1 m DFP in 
isopropanol for 30 minutes and then added to an equal volume of 20 per 
cent TCA at 0°. After centrifugation, the supernatant fluid was decanted 
and the precipitate washed with cold 10 per cent TCA. The combined 
supernatant solutions were then extracted five times with ethyl] ether and 
evaporated to dryness. After 24 hours of hydrolysis in 5.7 ~ HCl at 
110° in sealed tubes, amino acid analysis was carried out by the procedure 
of Moore and Stein (15). A small amount of all amino acids known to be 
present in chymotrypsinogen (3) was found, but only two amino acids 
were present in quantities approximately equivalent to the amount of 
é-chymotrypsin formed. These were serine and arginine. similar 
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amino acid pattern was obtained when analysis was carried out on the 
peptides isolated from the activation mixture by the use of Dowex 50 ion 
exchange resin; however, only approximately 60 per cent of the theoretical 
vield of serine and arginine was obtained in this case. 


Purification of Peptide on XE-G4 Resin 


In view of the success attending the use of XE-64 resin for the separa- 
tion of basic peptides and proteins (16, 17), this resin was employed for 
the purification and quantitative estimation of the activation peptide. 

The columns (0.9 XK 15 cm.) were prepared according to the procedure 
of Hirs et al. (17). The method of gradient elution was used, by feeding 
0.3 M citrate buffer, pH 5.3, into a 50 ml. mixing chamber containing the 
same buffer in 0.01 mM concentration. Magnetic stirring was employed 
throughout the operation. In some experiments a 0.2 or 0.3 m_ buffer 
was applied directly to the column. The detergent BRIJ35 was added to 
all buffers prior to use (15). 1 ml. samples were collected in a fraction 
collector, and aliquots of the fractions were analyzed quantitatively with 
the ninhydrin reagent of Moore and Stein (18). 

An activation mixture was prepared identical to that described in the 
preceding section dealing with the amino acid analysis. The supernatant 
solutions resulting from TCA precipitation were extracted five times with 
ethyl ether and then adjusted to pH 5.3 prior to application to the column. 
Fig. 1 is a typical chromatogram of peptides derived from the activa- 
tion of 20 wmoles of chymotrypsinogen. The first major peak appearing 
was found to consist of a mixture of acidic and neutral peptides which 
were subsequently resolved on a Dowex 50 column, X2, 200 to 400 mesh, 
in the sodium cycle (11, 15). The lower chromatogram of Fig. 1 repre- 
sents the resolution of the fraction collected in tubes 4 to 12 from the 
experiment represented by the upper chromatogram. It is clear that 
none of the acidic or neutral peptides occurs in amounts comparable to 
the peak representing the activation peptide (see below). It is likely 
that these peptides are the products of secondary degradation of the pro- 
tein components present in the activation mixture. 

The second major peak appearing on the XE-64 chromatogram was 
found to consist primarily of ammonia. This was ascertained by experi- 
ments in which the ninhydrin color of aliquots was determined before and 
after removal of ammonia by evacuation of samples treated with sodium 
hydroxide (19). Approximately 75 per-cent of the material under this 
peak was lost by this treatment. It is likely that the ammonia was intro- 
duced during experimentation, since much less ammonia was seen in the 
chromatograms when the entire activation mixture was applied directly 
to the column (precipitation with TCA omitted). 
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The major peak appearing with an effluent volume of 50 to 60 ml. 
represents the peptide liberated during activation. It appears at the 
same effluent volume as free arginine. The true color yield of the pep- 
tide was determined on a molar basis by relating the differences in optical 
density of aliquots of various tubes within the peptide peak to the corre- 
sponding differences in the amount of Kjeldahl nitrogen. Assuming the 


PEPTIDE 
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Fic. 1. Chromatogram of peptide fraction derived from the activation of 20 
umoles of chymotrypsinogen. In the upper chromatogram, XI-64 ion exchange 
resin was used, and in the lower chromatogram Dowex 50, X2, 200 to 400 mesh. The 
lower chromatogram represents the resolution of the fraction collected from aliquots 
of tubes 4 to 12 of the upper chromatogram. Since aliquots were taken, volume 
corrections were applied so as to render the ordinate values of the two chromato- 
grams strictly comparable. The ninhydrin color value used for all components was 
that determined for the major peptide. 


peptide to be serylarginine, the usual ninhydrin procedure yielded an 
optical density of 2.36 for a solution containing 1 umole of peptide in a 
final volume of 8 ml. This corresponds to a color value of 0.91 on a molar 
basis relative to leucine. 


Identification of Peptide 


Paper chromatograms of an acid hydrolysate of the purified peptide 
(24 hours hydrolysis in 5.7 ~ HCl in sealed tubes) revealed only two 
ninhydrin-positive spots corresponding in Ry values (butanol-acetic acid- 
water) and color to serine and arginine. A quantitative analysis of the 
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acid hydrolysate on XE-64 columns, as previously described, yielded ap- 
proximately 1 mole of each, serine and arginine, per mole of peptide. 

Following periodate oxidation, the peptide gave a positive Nessler test 
for ammonia, thus indicating that serine occupied the N-terminal position 
in the dipeptide. The presence of arginine was confirmed by a positive 
Sakaguchi test in the intact peptide. In view of the destruction of trypto- 
phan during acid hydrolysis, it was important to note that the unhydro- 
lyzed peptide gave a negative test for tryptophan (20). 


00 


000 


UNKNOWN 
UNKOWN DNP-SER DNP-ARC 
Fig. 2. Artist’s representation of a paper chromatogram of an acid hydrolysate 
of DNP peptide (see the text). The solvent was fert-amy! alcohol saturated with 
0.05 m phthalate buffer, pH 6.5. The papers were sprayed with phthalate buffer 
prior to use. 


When the peptide was allowed to react with 2,4-dinitrofluorobenzene 
and subsequently hydrolyzed, only one ether-soluble DNP amino acid was 
found on paper chromatograms, namely DNP-serine. The results are 
shown in the chromatogram represented by Fig. 2. The aqueous layer was 
colorless, indicating the absence of DNP-arginine. It is evident, therefore, 
that the dipeptide has the structure serylarginine. 


Paper Electrophoresis 


In accordance with its basic properties, the purified peptide was found 
to migrate in paper electrophoresis toward the anode. In these and the 
following experiments, a sodium acetate buffer, pH 5.0, 0.1 ionic strength, 
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was employed. Following spraying with ninhydrin reagent, the peptide 
appeared as a faintly yellow spot which could be readily visualized by its 
fluorescence under an ultraviolet lamp. The purified peptide appeared 
homogeneous. 

In the experiments described below, the peptide fraction was isolated 
from the activation mixtures by the resin method, and an amount approxi- 
mately equivalent to 0.15 wmole of chymotrypsin formed was placed on the 
paper strip. When this method was applied to a rapid activation mixture 
in which approximately 90 per cent conversion to é6-chymotrypsin had oc- 
curred, a major spot, corresponding to the peptide, was observed in addi- 
tion to a minor, ninhydrin-positive, spot which remained near the point 
of application. However, when rapid activation was carried out in the 
presence of 8-phenyl propionate and DFP was added in excess after approxi- 
mately 90 per cent conversion to #-chymotrypsin had occurred, the spot 
corresponding to the dipeptide was entirely absent and only a very faint 
spot near the point of application could be seen. It was of interest to note 
that the spot corresponding to the dipeptide could also be found in the pep- 
tide fraction obtained after slow activation of chymotrypsinogen (24 hours 
at 0°, chymotrypsinogen-trypsin ratio 5000:1); there did appear, however, 
in addition, several other ninhydrin-positive basic, neutral, and acidic pep- 
tides. The release of the dipeptide appears to correlate with the large 
shift in mobility of the protein constituents occurring during activation 
(see below). 


Quantitative Studies of Activation Process 


It has been found in this work that the intermediate products arising 
during the rapid activation of chymotrypsinogen could be distinguished 
from one another by prolonged moving boundary electrophoresis in an ace- 
tate buffer of pH 4.97, ionic strength 0.1. With the aid of these findings 
it has been possible to describe the kinetics of the formation and disap- 
pearance of the protein components during activation and to relate to these 
the amounts of peptide formed. In these experiments rapid activation 
mixtures were prepared in the usual manner, and, at predetermined time 
intervals, aliquots were removed and pipetted into a 50-fold molar excess 
of a | m solution of DFP in isopropanol. After 30 minutes, the solutions 
were adjusted to pH 5 and dialyzed against large volumes of acetate buffer, 
pH 4.97. All of these operations were carried out in the cold room (0—4°). 

Representative electrophoretic diagrams are presented in Fig. 3. The 
electrophoretic pattern of chymotrypsinogen (not shown) indicated that 
the protein was at least 97 per cent homogeneous. It will be noted that 
during activation the boundary corresponding to chymotrypsinogen was 
replaced by components of decreasing electrophoretic mobility. The mo- 
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bility difference between chymotrypsinogen and the first activation prod- 
uct, m-chymotrypsin, is so small that it could not be observed after 3 hours 
of electrophoresis (4), but it became clearly evident after prolonged elec- 
trophoresis. m-Chymotrypsin has been obtained in nearly pure form, as 
judged by electrophoresis, when activation was carried out in the presence 
of 8-phenyl propionate, as previously described (4)... Much larger mobility 


ACTIVATION TIME 


3.3 min. 1300 min. 
6.0 min. 1262 min. 
20 min. 1389 min. 
55 min. min. 
90 min. 1723 min. 


CHTG. w- 8- 

Fic. 3. Electrophoretic diagrams (ascending) of activation mixtures. The time 
of activation is given on the left and the time of electrophoresis on the right-hand 
margin. The patterns have been aligned horizontally to facilitate comparison of 
the three components marked at the bottom of the figure. Sodium acetate buffer, 
pH 4.97, ionic strength 0.1, was used. The potential gradient was 5.8 volts em.”!. 
The ascending mobilities (10-° sq. em., volt™', sec.~') of the components were as fol- 
lows: chymotrypsinogen 3.8, z-chymotrypsin 3.65, 6-chymotrypsin 3.25. 


changes occur as 7-chymotrypsin is converted to the 6form. The patterns 
in Fig. 3 have been aligned in a horizontal direction to facilitate comparison 
of the three components; 7.e., chymotrypsinogen, 2-, and 6-chymotrypsin. 
It is evident that after 90 minutes of activation, under the conditions em- 
ployed herein, at least 90 per cent of the protein had an electrophoretic 
mobility characteristic of 6-chymotrypsin. The relative concentrations 
of the components corresponding in electrophoretic mobility to chymo- 
trypsinogen, z-, and 6-chymotrypsin are plotted in Fig. 4 against the time 
of activation. Relative component distribution was calculated from the 
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Rayleigh interference fringes (21) which were recorded simultaneously 
with their derivative patterns on the photographic plates.’ 
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80 ° 
8-CHT 
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W-CHT 
qa 40- CHTG 
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T T T T T _ 
10 20 30 40 50 60 70 80 930 
Minutes of Activation 

Fic. 4. Distribution of protein and peptide components of activation mixtures 
as a function of the time of activation. The relative distribution of the protein 
components was calculated from the electrophoretic patterns, the total protein con- 
centration being taken as 100 per cent (see the text). The amount of the peptide is 
the ratio, in per cent, of micromoles of peptide to the micromoles of chymotrypsino- 
gen (mol. wt. 23,000) initially present. 
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Fic. 5. Chromatogram of a DFP-inactivated activation mixture applied directly 
to an XE-64 column and eluted with 0.3 m sodium citrate buffer. 


Activity measurements on similar activation mixtures indicated that 
the per cent of maximally attainable esterase activity corresponded approxi- 


+ It is recognized that these calculations yielded only approximate values, since 
ho corrections were applied to account for deviations from ‘‘ideal conditions”’ (22). 
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mately to the amount of chymotrypsinogen disappearing. Furthermore, 
when an activation mixture retaining approximately 40 per cent chymo- 
trypsinogen (similar to the 6.0 minute pattern in Fig. 3) was freed of ex- 
cess DFP by dialysis against 0.001 N HCl and then activated under the 
usual conditions, 30 per cent of maximal activity could be obtained. 

Also shown in Fig. 4 are the amounts of peptide liberated during acti- 
vation. These followed closely the curve describing the rate of appearance 
of 6-chymotrypsin. The data were obtained in the following manner. 

Samples of the DFP-inactivated activation mixtures were adjusted to 
pH 5.3 and applied directly to the XE-64 column. Elution was carried 
out with 0.2 or 0.3 mM sodium citrate buffer, pH 5.3; a representative chroma- 
togram obtained by elution with 0.3 m buffer is shown in Fig. 5. It is 
clear that the elution of the protein components precedes that of the pep- 
tide material. Even sharper separation occurred when elution was car- 
ried out with 0.2 m citrate buffer or when gradient elution was applied. 
The concentration of the peptide was calculated in terms of the previously 
determined color value of the peptide. 


DISCUSSION 


The present experimental data show conclusively that during the rapid 
activation of chymotrypsinogen a peptide is liberated, having the structure 
serylarginine. Since the concentration of the peptide follows closely the 
time curve describing the appearance of 6-chymotrypsin, it is apparent 
that it must have arisen during the conversion of z-chymotrypsin to the 
5form. This conclusion is also in accord with the much larger differences 
in electrophoretic mobility between z- and 6-chymotrypsins, compared to 
the difference between chymotrypsinogen and z-chymotrypsin. Indeed 
direct experimentation failed to provide any evidence for the release of a 
peptide during the conversion of chymotrypsinogen to #-chymotrypsin. 

On the basis of these findings and others previously reported (4, 23-25), 
it now appears possible to identify the amino acid sequence in chymotryp- 
sinogen which is primarily involved in the activation process. The follow- 
ing considerations summarize the pertinent points of evidence: (1) m-chy- 
motrypsin differs from chymotrypsinogen in possessing an N-terminal 
isoleucyl-valine sequence, both proteins being devoid of a C-terminal group 
reactive toward carboxypeptidase; (2) the conversion of z- to 6-chymotryp- 
sin yields a C-terminal leucine group, no new N-terminal group, and the 
dipeptide serylarginine; (3) the action of a-chymotrypsin on chymotryp- 
sinogen yields neither enzymatic activity nor the dipeptide,‘ suggesting 
that serylarginine is not a C-terminal sequence in chymotrypsinogen. 

If we omit from consideration factors arising from the presence of the 


4 Unpublished experiments. 
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N-terminal half cystine group found in chymotrypsinogen (26) and con-. 
sider, in addition to the data already presented, the specificity requirements 
of the activating enzymes (25), it seems most likely that the amino acid 
sequence involved in the activation process is as shown in Fig. 6. Accord- 
ing to this scheme, the arginyl-ioleucine bond would be opened in the tryp- 
sin-catalyzed formation of -chymotrypsin; the subsequent chymotrypsin- 
catalyzed conversion of z- to 6-chymotrypsin would involve the hydrolysis 
of the leucyl-serine bond, giving rise to the dipeptide, and a protein having 
a C-terminal leucine group and an N-terminal isoleucyl-valine sequence. 
When the present results are viewed together with those previously re- 
ported for the activation of trypsinogen (11), it becomes abundantly clear 
that the splitting of a single bond suffices to produce enzymatic activity. 
The liberation of a peptide is not an obligatory event, and all active forms 


CHYMOTRYPSINOGEN : - ser arc * iso - var J 
TR. 
T- CHYMOTRYPSIN : L Leu + ser — arc iso— var J 
CHT 
8- CHYMOTRYPSIN : Leu iso - va J 
PEPTIDE : SER — ARG 


Fic. 6. Proposed sequence of reactions in the rapid activation of chymotryp- 
sinogen. 


of these two proteolytic enzymes have the same N-terminal dipeptide se- 
quence of isoleucyl-valine (4, 27). 

The question remains as to how the opening of a single peptide bond is 
related to the appearance of enzymatic activity. While an answer to this 
question lies mainly in the realm of speculation, the following considera- 
tions are advanced to indicate the direction of future investigation of this 
problem. Cleavage of a strategically located peptide bond may simply 
unmask a preexisting structural region of the enzyme molecule which is 
associated with catalytic activity. Such unmasking would involve a cer- 
tain degree of reorientation in the protein molecule. Alternatively, an 


‘The question may, in fact, be raised whether the opening of a peptide bond is a 
necessary or an incidental accompaniment of activation. All that can be said is 
that it is the only chemical event known to occur. While the well known denatur- 
ing effect of proteolytic enzymes could conceivably produce an intramolecular re- 
arrangement of the substrate molecule, the high degree of specificity of the activating 
enzymes renders it extremely unlikely that activation can occur without peptide 
bond hydrolysis. 
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enzymatically active site may be created by molecular rearrangement. Ei- 
ther of these physical changes may lead to significant differences in the 
x-ray diffraction pattern of the zymogen and of the active enzymes. From 
a chemical point of view it may be suggested that the difference in reactive 
groups between zymogen and active enzyme is responsible for activation. 
The only common feature which distinguishes the active enzymes from the 
zymogen is the N-terminal isoleucyl-valine sequence. Hence, it would be 
of interest to determine whether chemical modification or removal of com- 
ponents of this sequence might lead to the abolition of enzymatic activity. 
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performing the amino acid analysis and to Mr. Roger D. Wade for his as- 
sistance in electrophoretic measurements. 
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SUMMARY 


In the course of the rapid activation of chymotrypsinogen a single pep- 
tide is liberated which has been isolated and identified as serylarginine. 
The appearance of this peptide is exclusively associated with the conver- 
sion of x-chymotrypsin to the 6form. The present findings, together with 
those previously reported, have been interpreted to indicate that the split- 
ting of a single peptide bond between arginine and isoleucine, in the se- 
quence leucyl-seryl-arginyl-isoleucyl-valine, suffices to produce enzymatic 
activity when chymotrypsinogen is converted to 2-chymotrypsin. The 
subsequent chymotrypsin-catalyzed reaction involves the liberation of the 
dipeptide from the C-terminal portion of 2-chymotrypsin. 
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PANTOYLAMINOETHANETHIOL, AN ANTAGONIST OF 
PANTOTHENIC ACID AND PANTETHEINE ACTIVE 
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The compounds £-d-pantoylaminoethanethiol (PAET) and the corre- 
sponding disulfide had been prepared by Barnett (1) in an attempt to find 
substances similar in structure to pantoyltaurine but more favorable in 
their inhibitory action on pantothenic acid-requiring microorganisms. 
Barnett showed that, although the compounds did inhibit the growth of 
Lactobacillus arabinosus to about the same extent as pantoyltaurine, they 
were not effective in protecting rats against infection with Streptococcus 
hemolyticus. The effect of PAET on the growth of the microorganisms was 
reversible by pantothenic acid. No studies on the possible antimetabolic 
action of the compound on the animal were reported. 

PAET was chosen for further studies as an antimetabolite, since a con- 
sideration of its structure suggests that it is an antagonist of pantetheine 
rather than of pantothenic acid itself. 

HOCH:- C(CH;):- 
Pantetheine 


PAET 


The structural formulae indicate that PAET contains all the functional 
groups of pantetheine but in a different molecular spacing due to the omis- 
sion of the B-alanine part of pantetheine. It has now been demonstrated 


that PAET is an antagonist of the pantetheine-coenzyme A system in vitro 
and of the effect of pantothenic acid on the growth of the rat in vivo. 


EXPERIMENTAL 


Materials—f-d-Pantoylethanethiol and the corresponding disulfide were 
prepared according to Barnett (1) from d-pantolactone and B-aminoethane- 
thiol, and bis-8-aminoethanedisulfide, respectively. The optical isomers 
were similarly obtained from /-pantolactone.'! In the enzymatic as well as 


1'The authors are greatly indebted to A. Wilson of these laboratories for the 
preparation of the two isomers of PAET. 
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animal experiments reported, the free thiol and the disulfide were found to 
be fully equivalent. In the enzymatic experiments no difference could be 
expected, as they are all run in the presence of a large excess of cysteine. 
Since no difference was found in the preliminary animal experiments, the 
disulfide was used in most of the experiments. The great ease with which 
the thiol is oxidized to the disulfide leads to the presence of some disulfide 
anyway, unless the experiment is performed under strong reducing condi- 
tions. 
Enzymes 


The synthesis of coenzyme A from pantetheine and its inhibition by 
PAET were measured with the crude pigeon liver extract system of Kaplan 
and Lipmann (2). A modification of Lynen et al. (3) which permits a con- 
siderable economy in the use of pigeon liver enzyme was followed in essence, 
except that the reaction volume was slightly increased by the addition of 
the antagonist and Mgt* was added to the mixture to obtain optimal re- 
sponse to pantetheine. The following modified procedure was used 
throughout. 

The solution of stable reactants contained 10 ml. of 0.02 m sodium citrate, 
2.5 ml. of 1.0 Mm sodium acetate, 8.0 ml. of 0.04 M magnesium chloride, and 
10 ml. of 0.004 m sulfanilamide or p-aminobenzoate. To a small test-tube 
were added 0.08 ml. of pantetheine or coenzyme A solution, 0.05 ml. of 
antagonist solution, 0.08 ml. of a freshly prepared solution of 24 mg. of 
adenosine triphosphate in 3 ml. of the solution of stable reactants, 0.04 ml. 
of freshly prepared 0.1 mM cysteine hydrochloride, 0.02 ml. of 1.0 M sodium 
bicarbonate, and finally 0.06 ml. of enzyme solution. The total volume 
was 0.33 ml. The assay mixture was incubated for 2 hours at 37° and de- 
proteinized with 1 ml. of 5 per cent trichloroacetic acid, and the remaining 
free sulfanilamide was determined on a 1 ml. aliquot. 


Animals 


Young male rats of the Holtzman strain, weighing from 75 to 100 gm., 
were used for the animal experiments. Groups of eight animals of equal 
average weight were kept in individual wire mesh cages and fed a semisyn- 
thetic diet of 30 parts of casein (Labco), 56 parts of dextrose, 10 parts of 
Crisco, and 4 parts of salts (U. S. P. XV, p. 881). The diet was supple- 
mented with all the known vitamins except pantothenic acid; the control 
groups received in addition a supplement of 100 mg. of calcium panto- 
thenate per kilo of diet. 

Results 


Enzymes 


The compound was first tested on the crude pigeon liver extract (2) which 
is not only capable of acetylating arylamines in the presence of coenzyme A 
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but also of synthesizing coenzyme A from pantetheine though not from 
pantothenic acid. On an equivalent basis pantetheine is only about 10 to 
15 per cent as efficient as coenzyme A. 

The experimental conditions chosen yield a response curve to pantetheine 
which is essentially identical in shape to the one described for coenzyme A. 
It reaches asymptotically a maximum of acetylation at about 9 to 11 y of 
pantetheine per test. Since inhibition studies require a reasonably linear 
and sensitive response, the upper limit of pantetheine concentration useful 
for these studies is about 6 to 7 y. 

The amount of sulfanilamide acetylated in the presence of a given amount 
of pantetheine alone was taken as 100 per cent, and the reduction of acetyla- 
tion in the presence of the antagonist was used as a measure of inhibition. 


ACTIVITY 
8 


PERCENT 
> 


025 50 10 25 50 100 250 
MOLAR RATIO 
Fic. 1. Inhibition of acetylation of sulfonamide by PAET 


A typical inhibition curve is illustrated in Fig. 1, where remaining acetylat- 
ing activity on a linear scale is plotted against the molar ratio of antagonist 
to pantetheine on a logarithmic scale. The pantetheine concentration was 
held constant at 4 y per test. 

50 per cent inhibition was attained in this case when the molar ratio was 
about 1:13. The molar ratio at which 50 per cent inhibition is observed 
with a constant pantetheine concentration is somewhat dependent on the 
enzyme preparation. Under the conditions of Fig. 1 it has been observed 
to vary from 1:10 to 1:20. 

Information on the type of inhibition involved has been obtained by ce- 
termining the molar ratio of antagonist to pantetheine required for 50 per 
cent inhibition at different pantetheine concentrations. 

The results of such an experiment with four different pantetheine concen- 
trations in which the same enzyme preparation is used throughout are sum- 
marized in Table I. Apparently the inhibition is non-competitive in view 
of the 10-fold decrease in the effective molar ratio with a 20-fold increase in 
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pantetheine concentration. The very desirable extension of these observa- 
tions to a wider range of pantetheine concentration is impossible with the 
methods used, since the asymptotic shape of the response curve limits the 
amount of pantetheine that can be used per test. 

The data so far demonstrate that the PAET interferes with the acetylat- 
ing capacity of a system which is synthesizing coenzyme A from pante- 
theine. The antagonistic action of PAET on coenzyme A itself was tested 
with the phosphotransacetylase system (4), which responds to coenzyme A 
only. 

From Fig. 2 it is evident that PAET has some antagonistic action against 
coenzyme A itself. The molar ratio of about 1:500 necessary for 50 per 
cent inhibition indicates, however, that the direct effect of the antagonist 


TABLE I 


Inhibition of Acetylation of Sulfonamide by Pigeon Liver Extract with Increasing 
Concentrations of Pantetheine Per Test 


pmole 
0.009 28 
0.018 16 
0.027 10 
0.18 3.5 


on coenzyme A is weak if compared to the effect on the system synthesizing 
coenzyme A from pantetheine. | 
Animals 

The antimetabolite activity of PAET was first demonstrated on rats ona 
pantothenic acid-deficient diet in order to accelerate and intensify any ef- 
fects. Fig. 3 shows the growth curves of three groups of rats which are re- 
ceiving, respectively, the complete diet, the pantothenic acid-deficient diet, 
and the deficient diet plus 10 mg. of PAET per day subcutaneously. 

The growth of the rats receiving PAET stops after about 6 days, and 
their weight begins to decline after 2 weeks. In this experiment two rats 
died on the 20th day and one died on the 21st day, at which time the experi- 
ment was terminated. In general, in a group of animals receiving this dose 
of PAET on a pantothenic acid-free diet, deaths occur about the 18th day 
and most animals are dead before the 23rd day. 

The coenzyme A content was determined in the livers of the rats killed 
on the 21st day of the experiment in Fig. 3 (see Table II). 

The coenzyme A content of the liver reflects the conditions as seen from 
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the growth curves, while the coenzyme A content of the brain remained 


ho constant even in the most severely deficient animals. Apparently death 
he occurs as soon as the liver coenzyme A falls to about one-half of its normal 
value. 
A Complete gross and microscopic examinations were made on the rats 
ae which had received 10 mg. of PAET daily. Except for the presence of a 
ol moderately extensive ulceration in the large intestine of one of the rats, 
A there were no appreciable abnormalities referable to pantothenic acid de- 
ficiency. Alopecia, chromodacryorrhea, and ‘hemorrhagic necrosis’’ of 
ast 
ist aig 
x 
0 500 1000 % 5 10 20 2 
pit MOLAR RATIO DAYS 
ing Fic. 2 Fig. 3 
: Fig. 2. Inhibition of phosphotransacetylase by PAET. 
Fic. 3. Influence of PAET on the growth of young rats. Curve 1, pantothenic 
acid-deficient diet + 10 mg. of PAET subcutaneously per day; Curve 2, pantothenic 
an acid-deficient diet; Curve 3, complete diet. 
- the adrenals appear to be quite reproducible consequences of advanced 
et, pantothenic acid deprivation. None of these lesions was found in PAET- 
injected rats at a time (3 weeks on injections) that represented the terminal 
- stage of this type of pantothenic acid deficiency. Differences in the pathol- 


ate ogy of nutritional diseases, depending on whether they develop gradually 
or are precipitated by the use of an antimetabolite, have been observed in 


ae other instances (5). 

jay Reversibility of the effect of PAET by pantothenic acid administration 
in vivo is demonstrated in Fig. 4. 

led Two groups of eight rats each were kept on the deficient diet, and one 


group received in addition 10 mg. of PAET per day subcutaneously. After 
15 days the deficiency and the effect of the antagonist are clearly demon- 
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strable, but deaths do not occur. At this time the animals were put on the 
complete diet, which contains a large excess of pantothenic acid. After a 
3 day lag period, the normal rate of growth, shown by the control group 


TaBLeE II 
Coenzyme A Content of Liver and Brain 


Pantothenic acid- 


P heni id- 
| Group 1 Group 2 Group 3 
| unils per gm. unils per gm. units per gm. 
123 (105-134) 
300}- 


AV. WEIGHT G. 


0 | | | | | 
Oo 5 W 5 20 2 30 35 40 
DAYS | 

Fic. 4. Reversibility of the effect of PAET on rat growth by pantothenic acid. 

Curve 1, complete diet; Curve 2, pantothenic acid-deficient diet; Curve 3, panto- 

thenic acid-deficient diet + 10 mg. of PAET subcutaneously daily. On the 15th 

day the animals in the groups shown by Curves 2 and 3 were switched to the com- 

plete diet and the administration of PAET to the group of Curve 3 was continued. 


animals, is resumed by the deficient animals as well as those receiving 
PAET. 

Since the effect of PAET is readily reversed by pantothenic acid in vivo, 
the approximate effective ratio of pantothenic acid to PAET has been de- 
termined for a dose level of 10 mg. of antagonist per day per rat (see Table 
III). 
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The data indicate that the administration of 10 mg. of PAET is effective 
even if 64 y of pantothenic acid are administered simultaneously but is in- 
effective if 90 7 are administered. Therefore, for the rat receiving 10 mg. 
of PAET, the limiting effective molar ratio is about 1:150. 

Doses of PAET smaller than 10 mg. per day have little effect in the rat 
even in the absence of pantothenic acid. With a dose of 5 mg. per day 
subcutaneously, a slight effect is demonstrable after about 20 days, while 
with 2.5 mg. no effect is apparent even after 30 days. On the other hand, 
increasing the dose to 30 mg. per day leads to an earlier plateau, a more pro- 
nounced fall in weight, and a somewhat earlier death of the animals. 


TaB_e III 
Effective Ratio of Antagonist to Pantothenic Acid in Vivo 


Eight rats with an average starting weight of 98 gm. were used for each group. 
The experiment was terminated after 15 days. 


— -_— 


Diet and supplement | Average final weight 
| gm. 
+10 * pantothenic acid........... 131 


The peptide linkage of the antagonist is apparently not hydrolyzed in the 
intestine, since the antagonist is fully active if given orally. 

Two groups of eight animals each were kept on the deficient diet, and one 
group received 30 mg. of PAET daily by stomach tube (Table IV). The 
effect on the growth curve of the animals and the death of the first animal 
on the 14th day is comparable to that obtained by the same dose on paren- 
teral administration. The average level of liver coenzyme A was also 
reduced to a value of about 60 units per mg. 

The effect on the growth of rats of the enantiomorph of PAET was tested 
and compared to that of the enantiomorph of pantetheine (see Table V). 

The / form of PAET was inactive as an antimetabolite, exactly as the 
analogous | form of pantetheine was inactive as a vitamin. The weight of 
the rats receiving the 1 form of PAET was somewhat lower than that of the 
animals on the deficient diet alone. This difference probably represents 
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biological variation, but the possibility of slight non-specific chemical tox- 
icity of the 1 form of PAET cannot be excluded. 

The biological specificity of the antimetabolic action of PAET is empha- 
sized by the lack of action of the enantiomorph. Together with the reversi- 


TaBLe IV 
Oral Administration of PAET 


Control group on the deficient diet; other group given 30 mg. of PAET daily by 
stomach tube. The results represent the average weight of eight rats per group in 
gm. 


Days | Deficient + 30 mg. PAET | Deficient 
1 106 105 
4 116 118 
7 121 130 

11 109 148 
14 169 


* One animal died on the 14th day. 


TABLE V 
Influence of Isomer of PAET on Growth of Rats 
Eight rats with an average starting weight of 72 gm. were used for each group. 
The experiment was terminated after 19 days. All daily supplements were injected 
subcutaneously. 


Diet and supplement “Average final weight 

gm. 

és + d-pantetheine equivalent to 100 y pantothenic acid... 157 

+ l-pantetheine ** 100 102 


* All but one animal died before the 19th dav. Average weight recorded for this 
group on the 14th day. 


bility by pantothenic acid, these results seem to exclude the possibility that 
the effects in rats could be due to a non-specific chemical toxicity. Similar 
specificity with respect to one enantiomorph has been observed for the ac- 
tion of pantoyltaurine against L. arabinosus (6). 

Previous experience with other vitamin antagonists has shown that de- 
oxypyridoxine and galactoflavin (and isoriboflavin) are capable of sup- 
pressing the growth of transplanted lymphomata in mice and rats (7, 8). 
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Deficiencies in thiamine and niacin induced by means of potent antagonists 
(neopyrithiamine, acetylpyridine) failed to exert this effect. The same 
failure attended attempts to influence the growth of the Murphy rat 
lymphosarcoma in rats on a pantothenic acid-deficient diet injected over 
14 days with 10 mg. of PAET daily. At the 14th day of treatment the 
tumors attained an average size of 30.9 gm. against one of 30.3 gm. in un- 
treated controls. 


DISCUSSION 


It is obviously not possible to compare PAET activity with all the panto- 
thenic acid antagonists reported in the literature (9). Most of these an- 
tagonists were found to inhibit the growth of microorganisms only. The 
effectiveness of PAET in inhibiting the growth of L. arabinosus has already 
been reported by Barnett and was found to be about equal to that of pan- 
toyltaurine. Figs. 3 and 4, however, demonstrate that PAET is also an 
effective and reversible antagonist, at least in the rat, while pantoyltaurine 
is probably ineffective in the mammal (10, 11). 

PAET and w-methylpantothenic acid not only seem similar in their pres- 
ervation of the essential structure of the nutrilite, but also seem to be simi- 
lar in their biological action (12). . Both are active in vivo and are reversible 
by pantothenic acid; however, w-methylpantothenic acid not only is opti- 
cally unresolved, but contains a new center of asymmetry not present in 
pantothenic acid or pantetheine. PAET, on the other hand, is readily pre- 
pared in an optically active form from intermediates used in the synthesis 
of pantothenic acid. 

The inhibition in vitro of the pantetheine-coenzyme A system by PAET 
shows the peculiar phenomenon of a decreasing inhibition index with in- 
creasing concentrations of the normal metabolite. In spite of the non-com- 
petitive nature of the inhibition in vitro, complete reversibility is found in 
the animal. 

The data on the type of inhibition found in vitro do not provide a clue to 
the mechanism of the action of the antagonist. The ultimate result of the 
action of the antagonist is a reduction of the amount of coenzyme A avail- 
able in vitro and in vivo. Two possible mechanisms seem of primary inter- 
est: (1) that the antagonist simply prevents the synthesis of coenzyme A 
from pantetheine and (2) that an analogue of coenzyme A, containing the 
PAET moiety instead of pantetheine, is enzymatically synthesized. This 
latter possibility is now being investigated with an enzymatic system more 
efficient in the synthesis of coenzyme A. A similar formation of an ana- 
logue of a coenzyme has been recently demonstrated (13) to occur by an 
enzymatic exchange reaction between the nicotinamide moiety of DPN and 
acetylpyridine. It should be pointed out that these two possible mecha- 
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nisms could also apply to w-methylpantothenic acid, which also contains 
intact all of the groups necessary for coenzyme A formation, although the 
reactivity of the terminal hydroxy] group is probably reduced by conversion 
from a primary to a secondary hydroxyl. 


SUMMARY 


The compound 8-d-pantoylaminoethanethiol (PAET) was found to be an 
antagonist of the pantetheine-coenzyme A system in vitro and of the effect 
of pantothenic acid zn vivo for the rat. 

The inhibition of the synthesis of coenzyme A from pantetheine in vitro 
is apparently non-competitive, since the molar ratio of antagonist necessary 
for 50 per cent inhibition varies from 1:4 to 1:30 with decreasing concentra- 
tions of pantetheine. 

PAET also inhibits ccenzyme A itself in vitro but at a higher molar inhi- 
bition ratio of about 1:500. 

PAET inhibits the growth of rats on a pantothenic acid-deficient diet and 
leads to death within about 3 weeks. This effect is reversible by panto- 
thenic acid. The limiting effective molar ratio of pantothenic acid to 
PAET in rats is about 1:150. PAET is effective both parenterally and 
orally. 
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TRANSPORT SYSTEM 


I. SUCCINIC DEHYDROGENASE 
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(From the Institute for Enzyme Research, University of Wisconsin, 
Madison, Wisconsin) 
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The present communication is devoted to the description of the isola- 
tion, properties, and composition of a particulate unit which we shall 
refer to as the succinic dehydrogenase complex (SDC). The working 
hypothesis underlying this and subsequent communications in this series 
is that SDC is a unit of enzymatic action in the same sense as any well de- 
fined soluble enzyme. 

Since the discovery of succinic dehydrogenase (1), a vast literature on 
this enzyme has accumulated, much of which has been amply reviewed in 
recent years (2-4). The important investigations which are pertinent to 
or form the basis of the observations reported in this paper may be clas- 
sified as follows: relationship of succinic dehydrogenase to cytochrome c 
and the cytochromes generally (5-9), 2,3-dimercapto-1l-propanol (BAL) 
sensitivity of succinic dehydrogenase (10-14), réle of cytochrome b in suc- 
cinic dehydrogenation (15-17), bacterial succinic dehydrogenase (18), 
development of new techniques for the separation of particulate enzymes 
(19-27), purification of succinic dehydrogenase by ammonium sulfate- 
cholate mixtures (28-30), and preparation of a soluble succinic dehydro- 
genase (31). 

Most recently Neufeld et al. (29) have described the isolation of two 
purified (particulate?) preparations of succinic dehydrogenase from heart 
muscle extracts. The first (Preparation A), obtained by fractionation 
with ammonium sulfate in the presence of cholate and by selective heat 
denaturation, is about 20 times more active than the whole homogenate 
of heart muscle. It is free of cytochrome c and cytochrome oxidase. The 
Qo, at 30° is 46. The reaction of Preparation A with cytochrome c is 
relatively slow compared to the reaction with indophenol. The second 
(Preparation B), obtained by extensions of the procedures applied in the 
making of Preparation A, is 30 times more active than the starting ma- 
terial. It reacts with indophenol but not with cytochrome c. The 
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final preparation which is amber-yellow in color contains both ‘‘a small 
amount of a hemoprotein which could not be removed” and flavin. Clark 
et al. (28) have isolated a third component (SC) from heart muscle (30- 
fold purified) which they report functions as an antimycin-sensitive link 
between their succinic dehydrogenase Preparation B and cytochrome c¢, 
although the SC preparation already contains a very active succinic de- 
hydrogenase. The spectrophotometric analysis of the SC preparation 
(30) discloses the presence of two types of hemes, one of which has been 
characterized as cytochrome b (peak at 563 my) and the other as cyto- 
chrome e (peak at 554 mu). Both hemes are partially reducible by suc- 
cinate. 


Methods 


Assay of Enzymatic Activity—The activity of the enzyme has been 
quantitatively determined with ferricyanide, 2,6-dichlorophenolindo- 
phenol, cytochrome c, and phenazine methosulfate as alternative electron 
acceptors. 

Reduction of Ferricyanide—The enzymatic oxidation of succinate by 
ferricyanide has been followed manometrically by measurement of carbon 
dioxide evolution (32). The main compartment of each manometer 
flask contained 0.1 mg. of enzyme, 50 umoles of potassium bicarbonate, 
50 umoles of succinate, and 15 mg. of albumin (Armour’s crystalline bo- 
vine plasma albumin) in a final volume of 1.3 ml. The side arm con- 
tained 50 uwmoles of ferricyanide in 0.2 ml. The gas space contained a 
mixture of 95 per cent nitrogen and 5 per cent carbon dioxide. The spe- 
cific rate of CO, evolution expressed as micromoles of CO, per mg. of 
protein per 5 minutes at 38° has been the basis on which purity has been 
evaluated. 

Reduction of Indophenol—The enzymatic oxidation of succinate by indo- 
phenol has been followed spectrophotometrically at 600 my. <A cuvette 
of 1 ml. capacity was filled with 0.98 ml. containing 10 uwmoles of phos- 
phate (pH 7.4), 0.5 mg. of human serum albumin,! 2 uwmoles of potassium 
cyanide, 10 umoles of succinate, and 20 y of 2,6-dichlorophenolindophenol. 
Then 5 to 15 y of enzyme in 0.02 ml. were added and readings were taken 
at 30 second intervals against a blank containing all components except 
succinate. Specific activity is defined as micromoles of indophenol re- 
duced per mg. of protein per minute at 38°. The optical density change 
at 600 mu divided by 19.1 is the value for micromoles of indophenol re- 
duced (33). 


! Bovine plasma albumin (Armour) is not as satisfactory in this assay as human 
serum albumin. We are grateful to Dr. D. M. Surgenor of Harvard University for 
the gift of samples of human serum albumin. 
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Reduction of Cytochrome c—This assay is based on spectrophotometric 
measurement of change in absorbance at 550 my. A mixture of 10 umoles 
of phosphate (pH 7.4), 10 mg. of bovine plasma albumin, and 5 to 10 y 
of enzyme in 0.22 ml. was incubated at 30° for 5 minutes. At the end of 
this period 1 umole of KCN and 5 umoles of succinate were added and 
the volume was made up to 0.9 ml. The mixture was brought to 38° 
and at time zero the reaction was started by the addition of 1 mg. of cyto- 
chrome c (Sigma Chemical Company) in 0.1 ml. Readings were taken 
at 30 second intervals against a blank containing all components except 
succinate. The molar extinction coefficients for oxidized and reduced 
cytochrome c at 550 mu were taken to be, respectively, 2.87 X 107 and 
0.9 X 107 sq. cm. per mole, the difference, 1.97 XK 10’ sq. em. per mole 
(34), representing the change in absorbance at 550 my which accompanies 
reduction of cytochrome c. Specific activity is defined as micromoles of 
cytochrome c reduced per minute per mg. of enzyme at 38°. | 

Reduction of Phenazine Methosulfate—A manometric assay procedure 
with phenazine methosulfate (35) as electron acceptor has already been 
described by Singer and Kearney (31). A more linear reaction obtains 
for the particulate enzyme when histidine buffer (50 uwmoles per ml.) of 
pH 7.5 is used instead of phosphate buffer and when the level of cyanide 
is raised from 0.001 to 0.002 m. Specific activity is defined as micro- 
atoms of oxygen taken up per 5 minutes per mg. of enzyme at 38°. 

Analytical Procedures—Iron was estimated with o-phenanthroline after 
wet ashing with concentrated nitric acid (36) and copper was estimated 
with dithizone after wet ashing with concentrated sulfuric acid and hy- 
drogen peroxide (36). ‘The enzyme preparations were dialyzed for 48 
hours against 0.02 m phosphate buffer of pH 7.8 for copper analysis, and 
against 0.02 m tris(hydroxymethyl)aminomethane acetate of pH 7.5 for 
iron analysis, with several changes of buffer. Protein was determined 
colorimetrically by the biuret method, crystalline bovine plasma albumin 
serving as the primary standard (37). Flavin was determined by meas- 
urement of the change in absorbancy at 450 my of a 0.6 per cent perchloric 
acid filtrate (neutralized) on addition of dithionite. The release of flavin 
from the protein by acid treatment is not quantitative unless the prepara- 
tion has been digested with crude trypsin (Nutritional Biochemicals, 
1:300) in the ratio of 0.5 mg. of trypsin to 1 mg. of protein. The diges- 
tion is carried out for 1 hour at 38° in the presence of sodium cholate 
(1 mg. per mg. of SDC). The molar extinction coefficient of flavin was 
taken to be 11.3 XK 10® sq. cm. per mole (38). 

Total heme was determined as follows: Enzyme equivalent to about 
2 mg. of protein was mixed with 10 uwmoles of phosphate (pH 7.4) and 30 
mg. of deoxycholate in a final volume of 1 ml. of water. The mixture was 
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incubated at 38° for 2 minutes. The optical density at the peak of the 
Soret band and the a-band was determined after reduction of the heme 
with hydrosulfite. The extinction coefficient for the Soret band of the 
reduced enzyme heme was assumed to be 1.4 X 10° sq. cm. per mole, 
which is the molar extinction coefficient of reduced cytochrome c at 415 
my, while that of the reduced a-band was assumed to be 0.287 X 108 sq. 
cm. per mole. The heme content was estimated on the basis both of the 
Soret and a-bands. If turbid, the solution should be clarified by centrif- 
ugation. 

On several occasions heme was determined by an independent method, 
v.e. that of the pyridine hemochromogen (39). The two methods were 
in substantial agreement. 


Preparation of Enzyme Complex 


Step 1—Beef heart mitochondrial suspension prepared as described 
previously (40) was mixed with 4 volumes of 0.9 per cent KCl] and allowed 
to stand for 12 hours at 5°. Even when not explicitly stated, all manip- 
ulations were carried out within the range of 0-5°. The suspension was 
then frozen slowly at —10°. The frozen suspensions can be stored in- 
definitely at that temperature. 

Step 2—The frozen suspension was thawed and centrifuged for 1 hour 
at 3000 X g. The mitochondrial sediment was mixed with an equal 
volume of a mixture which was 0.14, 0.044, and 0.005 m with respect to 
sucrose, potassium chloride, and succinate. The mixture was thoroughly 
homogenized in a Waring blendor run at half maximal speed and then 
frozen. 

Step 3—The thawed suspension was homogenized by stirring in a Pot- 
ter-Elvehjem type of homogenizer (Teflon pestle), mixed with 0.11 volume 
of tert-amyl alcohol (cooled to 0°), and allowed to stand for 10 minutes. 
Then 0.04 volume of 0.5 m phosphate buffer of pH 7.6 was added, and the 
mixture was again mechanically homogenized. The mixture was centri- 
fuged for 5 minutes at 30,000 r.p.m. in the No. 30 head of the Spinco pre- 
parative ultracentrifuge. The actual centrifugation time from starting 
the motor to switching off was 15 minutes in all. The precipitate should 
contain two layers, a loose top layer and a well packed bottom one. The 
supernatant fluid is poured off together with the loose top layer. The 
critical requirement of this step is the complete separation of the two sedi- 
mented layers. The supernatant suspension was diluted with 4 volumes 
of 8.5 per cent sucrose, homogenized, and centrifuged at 30,000 r.p.m. 
for 15 minutes under the conditions described above. The sediment was 
resuspended in 4 volumes of 0.25 m sucrose (0.005 mM with respect to suc- 
cinate) and the mixture was frozen. 
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Step 4—The frozen suspension was thawed and centrifuged at 40,000 
r.p.m. for 5 minutes. The pellet was suspended in 2 volumes of 0.12 m 
potassium chloride and the mixture was thoroughly homogenized before 
addition of 0.11 volume of isobutyl alcohol (23, 27) at 0°. After 10 min- 
utes, 0.04 volume of 0.5 m phosphate buffer, pH 7.2, was added. Again 
the suspension was homogenized thoroughly before centrifugation for 5 
minutes at 17,000 r.p.m. in the No. 40 head of the Spinco preparative 
ultracentrifuge. The tightly packed sediment was discarded, while the 
supernatant suspension was thoroughly homogenized and then centri- 
fuged at 40,000 r.p.m. for 5 minutes. The pellet was mixed with 3 to 4 
volumes of 0.25 m sucrose solution and the suspension, after homogeni- 
zation, was again centrifuged at 40,000 r.p.m. for 5 minutes. Finally 
the pellet was suspended in the minimal volume of 0.25 m sucrose and 
the suspension, after homogenization, was stored in the frozen state at 
— 10°. 

When, during the isobutyl alcohol fractionation, sedimentation of the 
particles of SDC has progressed almost to the tip of the centrifuge, the 
viscous red layer thus formed is perfectly clear. However, an immediate 
turbidity develops when this layer is disturbed. The optical effect ap- 
pears to be analogous to that observed in concentrated solutions of to- 
bacco mosaic virus (41) and is probably an expression of spontaneous 
orientation of asymmetric particles (42). This orientation is also manifest 
when shearing forces are applied to concentrated suspensions of SDC in 
dilute solutions of isobutyl] alcohol. 

Table I contains a summary of the degree of purification and the re- 
covery of protein and activity during a typical isolation procedure. A 
convenient amount of starting material would be about 750 ml. of mito- 
chondrial suspension diluted as in Step 2. The yield of SDC at the final 
stage is about 600 mg. 

The final frozen preparation is stable when stored at —10° for several 
weeks. 


Results 


Enzymatic Activities of Purified Preparation—The succinic dehydro- 
genating complex prepared as described above catalyzes the oxidation of 
succinate by ferricyanide, indophenol, phenazine methosulfate, and cyto- 
chrome c, but not significantly by molecular oxygen. The preparation 
at the highest purity level contains traces, if any, of pyruvic, a-ketoglu- 
taric, malic, isocitric, a-glycerophosphoric, choline, and reduced triphos- 
phopyridine nucleotide (TPNH) dehydrogenases, cytochrome oxidase, and 
fumarase. Also none of the enzymes of the glycolytic or fatty acid oxida- 
tion cycle was present in measurable amount. Furthermore, nucleic acid 
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of either type is not present to any significant degree, as judged by the 
level of bound phosphate which is accounted for almost quantitatively 
by the amount of flavin dinucleotide in the preparation. At the stage of 
Step 3 in the purification, the main residual activities are diphosphopyri- 
dine nucleotide (DPNH) cytochrome c reductase and reduced cytochrome 
c oxidase. After the fractionation with isobutyl! alcohol the preparation 
contains only traces of the latter activity. Particulate enzyme prepara- 
tions appear to become inactivated by prolonged manipulation and this 
disability imposes a limit on the number of purification procedures which 
can be applied successfully. 

In subsequent sections chemical and spectroscopic evidence bearing on 
the functional purity of SDC will be presented. 


TABLE I 
Purification of SDC 


| Total Specific | Enzyme 


Step No. protein activity* unitst 
gm. 
1. Original mitochondrial suspension........ 103.9 5.7 -§92,000 
2. After suspension in sucrose.............. 59.9 6.4 383 , 000 
3. “ amyl alcohol fractionation......... 12.2 20 244,000 
4. “ isobutyl alcohol fractionation...... 60 72,000 


* Micromoles of COz per 5 minutes per mg. in ferricyanide assay. 
t Protein (mg.) X specific activity. 


Rates of Dehydrogenation with Various Electron Acceptors—Under the 
assay conditions described above the maximal rates of oxidation of suc- 
cinate per minute per mg. of protein in the best preparations of SDC are 
with the different electron acceptors, respectively, ferricyanide (7umoles), 
phenazine methosulfate? (5 umoles), cytochrome c (4.5 uwmoles), and indo- 
phenol (0.62 umole). 

The dependence of the velocity of oxidation of succinate on the con- 
centrations of cytochrome c, ferricyanide, phenazine methosulfate, indo- 
phenol, and succinate has been determined under the particular conditions 
specified in the description of the assay systems. The calculated K, 
values obtained by a Lineweaver-Burk plot of the data are 2.8 K 10-° 
for cytochrome c, 7.8 X 10-* m for ferricyanide, 1.9 K 10~* m for phena- 
zine methosulfate, and 2.5 X 10-5 m for 2,6-dichlorophenolindophenol. 
The concentrations of electron acceptor at which saturation of the enzyme 
obtains are, respectively, 1.25 « 10~* m for cytochrome c, 2.6 K 10° M 


2 It is assumed in the calculation that the oxidation of reduced phenazine metho- 
sulfate requires 2 atoms of oxygen per molecule of reductant. 
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for ferricyanide, 1 XK 10-* m for phenazine methosulfate, and 8 K 10-5 m 
for 2,6-dichlorophenolindophenol. The K,, figure for succinate (1.8 X 
10-*) is in fair agreement with the values of 2.7 K 10-‘ and 2.5 to 5.3 X 
10-* reported, respectively, by Franke and Siewardt (43) and Thorn (44) 
in studies on crude particle suspensions. 
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Fic. 1. Absorption spectrum of SDC. The test solution contained 1.7 mg. of 
protein, 17 mg. of deoxycholate, and 118 ymoles of phosphate (pH 7) in1 ml. The 
measurements were made in the automatic Beckman DK model. 

Fig. 2. The spectrum of the pyridine hemochromogen of the heme of SDC. The 
test solution contained the extract from 1.64 mg. of SDC protein. The pyridine 
hemochromogen was prepared as described in the text. Dithionite was used to re- 
duce the hemochromogen to the ferrous form. 


Absorption Spectrum—The spectrum of the preparation of SDC, after 
treatment with deoxycholate in the oxidized and reduced state, is shown 
in Fig. 1 (cf. (30)). To convert the enzyme entirely to the oxidized state 
ferricyanide was added at 3 times the concentration level of the enzyme- 
bound heme. The enzyme was then washed free of any excess reagent 
by sedimentation and resuspension in fresh sucrose solution. The to- 
tally oxidized enzyme was reducible either by borohydride or dithionite. 
The peak of the Soret band is shifted from 412 mu for the oxidized to 428 
my for the reduced enzyme. In addition, there are two other bands in 
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the visible spectrum of the reduced enzyme, viz. at 525 and 560 mu. The 
band maxima are the same whether a given preparation is examined di- 
rectly or is first made soluble by deoxycholate. 

The pyridine hemochromogen of SDC was prepared as follows: The 
enzyme suspension (2.33 mg. per ml.) was made 0.1 N with respect to KOH 
and then mixed with an equal volume of pyridine. The insoluble res- 
idue was removed by centrifugation. Fig. 2 shows the comparison of 
the spectrum for the pyridine hemochromogen of the hemes derived from 
SDC and that for the pyridine hemochromogen of authentic protohemin 
(45). The positions of the maxima are identical in the two cases, but 
there are some discrepancies particularly in the 590 and 520 my regions, 
The spectrum suggests that protoheme is the main, if not the only, con- 
stituent heme of SDC, and also that some other non-heme substance or 
substances extracted into alkaline pyridine contribute to the absorption 
at 525 and 590 mu. The prosthetic heme will have to be characterized by 
direct isolation and analysis before the identification with protoheme can 
be considered to be established. 

Components of SDC—Table II summarizes the results of the analyses 
of preparations of SDC at the highest purity level. Flavin was deter- 
mined after digestion of the preparation with crude trypsin, and the es- 
timate was based on the change in absorbancy at 450 my following redue- 
tion with dithionite. Only 10 to 30 per cent of the total extractable flavin 
was estimated as flavin dinucleotide in the p-amino acid oxidase test. 

The estimate of heme based on the absorbancy of the a-band was uni- 
formly only 86 per cent of the estimate based on the Soret band. There 
are two uncertainties inherent in both these estimates: (a) the possibility 
of non-heme substances absorbing either in the Soret region or at 560 my 
and (b) the possibility that the extinction coefficients for cytochrome c, 
which are used as the basis of the calculation of heme content, are signif- 
icantly different from those of SDC heme. We have decided that the 
average of the two separate estimates of heme might be a closer approxi- 
mation to the actual heme content than either of the two estimates singly. 
When the iron equivalent to the averaged heme content is subtracted 
from the total iron, the difference is taken to represent the non-heme 
iron content of SDC. Copper was not detected in the preparations used 
in these analyses. 

The ratio, moles of flavin to moles of heme to atoms of non-heme iron, 
is, in round numbers, 1:4:16. According to the data for titration of the 
enzyme with antimycin (see a subsequent section for details), 1 x 10 
gm. of SDC protein combine with 1 mole of antimycin. According to 
the flavin determination, 1.16 X 10° gm. of protein contain 1 mole of 
flavin. 
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When the preparation of SDC was dialyzed against 0.01 m phosphate 
for 48 hours and then lyophilized, 60 per cent of the total dry weight was 
extractable into absolute alcohol heated to 60°. The alcohol-extracted 
material was soluble in organic solvents but not in water. No heme or 
protein was extracted by alcohol. Cold alcohol does not extract the en- 
zyme-bound lipide. Ball and Cooper (46) have reported that 37 per cent 
of the dry weight of their particulate preparations of beef heart succinic 
dehydrogenase could be accounted for as lipide. 

Whenever an activity or concentration is expressed per mg. of enzyme 
in the text of the present communication, this weight of enzyme is always 
on a lipide-free basis, since the weight is a calculation based on the biuret 
method of protein determination. When the contribution of lipide is 
included in the dry weight, a specific statement to that effect will be made. 


Taste Il 
Composition of SDC Based on Averaged Determinations 


No. of deter- moles X Microatoms X 


Constituent minations =  mg.~ & 

Heme (Soret) | 6 3.53 

“ (average of two estimates)... | 3.28 
Antimycin titer... .......... | 12 | 1.01 


Non-Heme Iron—Non-heme iron is not released from the enzyme under 
the following conditions: cold 5 per cent trichloroacetic acid, pH 1 for 20 
minutes at 0°, 50 per cent alcohol for 20 minutes at 0°, pH 9 for 1 hour 
at 100°. It is, however, released in whole or part under the following 
conditions: 1 hour at 100° at neutral pH (about 5 per cent yield), 12 
hours in N hydrochloric acid at room temperature (about 25 per cent 
yield), 1 hour at 100° in n HCI (100 per cent yield). 

The enzymatic activity of SDC is not inhibited by relatively high con- 
centrations of chelating agents for iron and other metals such as Versene, 
8-hydroxyquinoline, o-phenanthroline, and dithizone. This insensitivity 
of SDC is in line with the tenacity with which the metallic components 
of SDC (heme and non-heme iron) are bound to the protein. 

Reversible Reduction and Oxidation—When a purified suspension of SDC 
is reduced with dithionite or borohydride, and the absorbancy of the re- 
duced form is measured against that of the oxidized form as a blank, a 
difference spectrum such as shown in Fig. 3 is obtained. The reduction 
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and oxidation of the hemes can thus be followed by changes either in the 
Soret region or at 560 muy (cf. also (30)). When chemical reducing agents 
are replaced by succinate, a similar difference spectrum is obtained, but 
the magnitude of the change is less. If we can assume that the value for 
+AD430 mu — ADao mys Of the dithionite-reduced enzyme compared to the 
oxidized control represents 100 per cent reduction, then it would follow 
that about 80 per cent of the total heme in the preparation is reducible 
by succinate within 1 minute. With inactivation of the enzyme this per- 
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Fic. 3. Difference spectrum. An aliquot of a suspension of SDC washed free of 
succinate and converted to the oxidized state was used in the control cuvette, while 
another aliquot of the same suspension was used in the experimental cuvette to which 
either succinate (1 wmole per ml.) or Na2S8:O, has been added. The cuvettes con- 
tained 3.3 mg. of enzyme protein, 5 wmoles of phosphate, 0.75 umole of cyanide, and 
50 umoles of tris(hydroxymethyl)aminomethane (pH 8.5) per ml. 


centage declines and reaches zero. In some preparations’ complete re- 
duction of the heme is attained after some minutes but not immediately. 
Ferricyanide instantaneously reoxidizes the reduced heme in the prepara- 
tion and thus is a useful reagent for converting reduced enzyme to the oxi- 
dized state. The ferricyanide-treated particles are then washed by 
centrifugation and suspension in fresh sucrose before a test is made. The 
ferrohemes of SDC are rapidly oxidized by cytochrome c (cf. Fig. 4), 
phenazine methosulfate, benzoquinone, and indophenol, while the ferri- 
hemes are reducible by succinate but not by DPNH. 


These preparations contained cytochrome ¢ in bound state. The binding of 
eytochrome ¢ by preparations of SDC is described in a later section. 
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When SDC is heated at 55° for various lengths of time, cytochrome c 
reductase activity declines in a regular fashion which is exactly paralleled 
by the decline in the percentage of endogenous heme reducible by suc- 
cinate. For example, after exposures of 4, 6, and 8 minutes cytochrome 
c reductase activity was, respectively, 62, 22, and 11 per cent of the orig- 
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Fic. 4. Spectrophotometric evidence of the oxidation of the hemes of SDC by 
cytochrome c. A succinate-free suspension of SDC was used to obtain the difference 
spectrum between the dithionite-reduced enzyme and the oxidized enzyme by the 
procedure described in the legend for Fig. 3. Then 0.0166 umole of cytochrome c, 
equivalent to 1.3 times the heme content of the enzyme, was added to both the ex- 
perimental (reduced) and control (oxidized) cuvettes. The difference spectrum was 
measured again. Each cuvette contained 3 mg. of enzyme protein, 62.5 uwmoles of 
phosphate (pH 7.4), 1.25 wmoles of evanide, 22.5 mg. of deoxycholate, and 0.05 mg. 
of benzyl viologen. The viologen was used as an internal indicator for detection of 
traces of residual dithionite which had not been removed by aeration. 


inal activity, while the extent of hemin reduction was 68, 20, and 15 per 
cent of that of the untreated enzyme (taken as 100 per cent). 

Inhibition by Antimycin—SDC is completely inhibited by antimycin A 
(47) at unusually low levels. This property has been taken advantage 
of by Reif and Potter (48) for direct titration of crude preparations of 
succinic dehydrogenase. The inhibition by low concentrations of anti- 
mycin applies only to the reduction of cytochrome c. No inhibition is 
observed with the other electron acceptors. The reaction of the enzyme 
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with antimycin is not instantaneous. Thus, when the enzyme is titrated 
with antimycin (a sample prepared according to Dunshee et al. (49) and 
supplied by Dr. F. Strong) at both 30° and 0°, some 100 times more anti- 
mycin is required for complete inhibition at 0° than at 30° (cf. Table III). 
In practice we have incubated the enzyme with antimycin at 30° for 5 
minutes before conducting the assay at 0°. Once the antimycin-enzyme 
complex is formed at 30°, then there is an advantage in conducting the 
assay at 0°, since the stability of the complex is apparently greater at the 
lower temperature. 

The average minimal molar concentration of antimycin required for 
complete inhibition is 1.0 10°-* wmole per mg. (cf. Table which is 


Ill 


Antimycin Titer As Function of Time of Incubation, Temperature of 
Incubation, and Temperature of Assay 


Experiment No. Time of incubation of Antimycin titer 
min. | pmoles per me. 

l 3 0 0 | 75 

2 2 10 10 | 30 

3 3 10 10 14 

5 30 4.0 
3 20 10 10 3.6 
6 5 30 | 10 1.7 
7 | 10 30 10 | 1.9 
S | 15 30 10 1.6 

10 | 10 30 0 1.14 


approximately one-fourth the heme content and nearly equivalent to the 
flavin content. The value for complete inhibition is calculated by extra- 
polation from the antimycin concentrations which produce partial inhi- 
bitions in the range of 20 to 40 per cent (cf. Fig. 5). The rapid reduction 
of SDC-bound heme by succinate is inhibited completely at the same mini- 
mal concentration at which reduction of cytochrome c is suppressed (¢. 
Fig. 6). Exposure of SDC to BAL under the conditions outlined by 
Slater (10-14) does not lead to any inhibition of the capacity to react 
with cytochrome c. 

Incorporation of Cytochrome c—When SDC suspended in 8.5 per cent 
sucrose is incubated with excess cytochrome c (0.25 umole per 5 mg. of 
enzyme protein) for 30 minutes at 0°, a considerable amount of cytochrome 
c is taken up by the enzyme (cf. Tsou (50) for similar results). A maxi- 
mum of 5 moles of cytochrome c per mole of endogenous heme is taken 
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up. The near equivalence of the cytochrome taken up (17.7 xX 10° 
ymole per mg.) and the non-heme iron present in the preparation (14.1 xX 
10-* microatom per mg.) are quite striking. The particulate enzyme can 
be washed indefinitely with sucrose by repeated centrifugation and sus- 
pension without release of this bound cytochrome c. When, however, 
the enzyme is exposed to the conditions which obtain in Steps 3 and 4 of 


CONTROL 
200}- 
| 
CONCENTRATION TREATED | | 
Mg * IO PER mi. TIME IN MINUTES 
Fic. 5 6 


Fic. 5. Inhibition of cytochrome ¢ reduction as a function of the concentration 
of antimyein A. The enzyme was washed free of succinate and suspended in 8.5 per 
cent sucrose. 61 y of SDC protein were incubated with varying amounts of anti- 
mycin at 30° for 5 minutes in a final volume of 0.09 ml. To this mixture were added 
0.1 ml. of 10 per cent albumin and 0.1 ml. of 0.1 m phosphate buffer of pH 7.2, and 
the incubation at 30° was continued for 2 minutes. Then the mixture was cooled to 
0° and the other components of the standard assay system for measurement of cyto- 
chrome ¢ reduction were added. The spectrophotometric determinations were car- 
ried out at O°. 

Fic. 6. Inhibition of the reduction of bound heme by antimycin A. Aliquots of 
enzyme (2 mg.) were incubated at 30° for 5 minutes with or without 1 y of antimycin. 
To allow for the alcohol introduced into the experimental cuvette by addition of 
the antimycin, 0.01 ml. of aleohol was added to the control. The rate of heme re- 
duction was followed at 0° as described in the legend for Fig. 3. 


the method of preparation, all the cytochrome c which had been bound 
is released. Exposure to 10 per cent isobutyl alcohol or tert-amy! alcohol 
is, in fact, the condition which leads to release. 

Antimycin does not inhibit this binding of cytochrome c nor does it 
release cytochrome c already taken up by the enzyme. 

The cytochrome c taken up by the enzyme is rapidly reduced by suc- 
cinate and behaves like an internal indicator of the state of oxidation- 
reduction of the enzyme. Also the reduction is partly antimycin-sensi- 
tive, in contrast to the complete antimycin sensitivity of the endogenous 
heme of SDC. 

Modification of Absorption Bands—The a- and 8-bands of the hemes 
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of SDC are decidedly different from the corresponding bands of pyridine 
hemochromogens or of cytochrome c and, in fact, from any synthetic or 
protein-free iron porphyrin compounds. These differences are two-fold: 
(a) the bands, particularly the 8, are not sharp and show a tendency to 
flatten out, and (b) the difference between the absorbancy of oxidized 
and reduced enzyme in the region of the a- and 8-bands is much smaller 
than is normally found. It was of interest to determine whether cyto- 
chrome c after becoming bound to the enzyme would show these anomalies 
of spectrum. Since 5 times as much cytochrome c is taken up as the 
amount of endogenous heme present in the preparation, the extent of 
interference of endogenous heme with the spectrum of bound cytochrome 
c is not excessive. Examination of the spectrum shows that cytochrome 
c undergoes a change of spectrum as a consequence of attachment to the 
enzyme. Thus, clearly, the spectral anomalies noted above are related 
to the manner in which heme is bound to the protein. According to 
Shibata, Benson, and Calvin (51), orientation of hemes in layers with 
interaction between the central iron atoms such as obtain in the solid 
state leads to precisely the modification in spectrum exhibited by the 
hemes of SDC. 

Reaction with Cytochrome c—Since inhibitory metals are present oc- 
casionally in samples of cytochrome c (Sigma), the addition of albumin 
to the assay system is essential. Versene (0.001 mM) is about 80 per cent 
as effective as albumin. When suspensions of SDC are washed exhaus- 
tively with sucrose solutions (8.5 per cent), the cytochrome c reductase 
activity usually declines. Partial restoration of activity can be accom- 
plished by heating the washed preparation for several minutes at 45-50°. 


SUMMARY 


1. A particulate form of succinic dehydrogenase (SDC) has been iso- 
lated from beef heart mitochondria 10 to 15 times more active than the 
starting mitochondrial suspension. The isolation procedure which is 
based on fractionation with aqueous solutions of tert-amyl alcohol and 
isobutyl alcohol is described in detail. 

2. The final preparations of SDC are essentially free from all other de- 
hydrogenases of the citric acid cycle, the enzymes of the fatty acid oxi- 
dation cycle, the glycolytic enzymes, fumarase, TPNH, a-glycerophos- 
phoric and choline dehydrogenases, and cytochrome oxidase. They 
contain no nucleic acid. 

3. 1 mg. of SDC at the stage of highest purity catalyzes the oxidation 
of 7.5, 5.0, 4.5, and 0.62 umoles of succinate per minute at 38° in the pres- 
ence of ferricyanide, phenazine methosulfate, cytochrome c, and 2,6- 
dichlorophenolindophenol, respectively. 
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4. Preparations of SDC contain only one type of heme component 
which shows a single band in the oxidized state at 412 my and three bands 
in the reduced state, viz. at 428, 525, and 560 mu. The pyridine hemo- 
chromogen of the heme component of SDC resembles that of protopor- 
phyrin. 

5. Flavin, heme, and non-heme iron, respectively, are present in SDC 
at the following average levels: 0.86 X 10-* umole per mg., 3.28 XK 10°’ 
umole per mg., and 14.1 X 10-* microatom per mg. Thus for each mole 
of flavin there are in round numbers 4 moles of heme and 16 atoms of 
non-heme iron. 10 to 30 per cent of the flavin can be accounted for in 
the form of flavin adenine dinucleotide. 

6. 60 per cent of the dry weight of SDC is extractable by absolute al- 
cohol or ether after heat denaturation of the protein. 

7. The non-heme iron of SDC is not released except after prolonged 
hydrolysis in strong acid. 

8. The heme of SDC is reduced by succinate to the extent of 80 per 
cent. The reduced heme is oxidized by ferricyanide, phenazine metho- 
sulfate, quinone, or cytochrome c. The proportion of reducible heme 
decreases as the activity of the enzyme declines and is reduced to zero 
with complete inactivation of the enzyme. 

9. Antimycin A at low levels inhibits the reduction both of cytochrome 
cand of SDC-bound heme but has no effect on the oxidation of succinate 
by any other electron acceptors. 

10. Antimycin A reacts with SDC in what appears to be a stoichio- 
metric fashion. A unit of SDC containing | mole of flavin combines 
roughly with 1 mole of antimycin. 

11. SDC binds cytochrome c to the extent of 5 moles of cytochrome per 
mole of endogenous heme. 


This investigation was supported by a research grant, No. H-458(C5), 
from the National Heart Institute of the National Institutes of Health, 
Public Health Service, and also by a grant from the Nutrition Founda- 
tion, Inc. We are indebted to Oscar Mayer and Company for generously 
supplying us with fresh slaughter-house material. It is a pleasure to re- 
cord our thanks to Dr. H. Beinert, Dr. D. R. Sanadi, and Dr. H. R. Mahler 
for their invaluable advice and many suggestions and to Dr. Robert Bas- 
ford for carrying out determinations of heme and flavin. 


Addendum—Since this paper was submitted for publication, the presence of two 
heme components with a-bands at 555 and 562 mug, respectively, has been demon- 
strated in SDC. These hemes can be extracted from denatured SDC and separated 
quantitatively from one another. The lack of symmetry and sharpness of the 
bands of SDC can thus be referred to the presence of two heme components with 
overlapping spectra. 
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ACTIVATION OF THE AMINO ACID-INCORPORATING 
SYSTEM OF RAT LIVER SLICES UPON 
INCUBATION* 


By DANIEL M. ZIEGLERf ann JACKLYN B. MELCHIOR 


(From the Department of Biochemistry, Graduate School and the Stritch School 
of Medicine, Loyola University, Chicago, Illinois) 


(Received for publication, April 11, 1955) 


In recent years numerous reports on the uptake of amino acids by the 
proteins of liver preparations have appeared. The reaction has been 
shown to occur in both slices (1-3) and homogenates (4-6). It has been 
further demonstrated that some of the label is incorporated into serum 
albumin by liver slices (7), and that a net synthesis of serum albumin 
occurs during the incubation (8). 

An incorporation in vivo of labeled amino acids into the subcellular 
granules of liver, separable by differential centrifugation, has been reported 
(9). The incorporation tn vitro of labeled alanine into the isolated granule 
fractions has been studied by Siekevitz and Zamecnik (10, 11). 

This report concerns an apparent activation of the amino acid-incor- 
porating system of rat liver slices during incubation in Ringer’s bicarbonate 
solution. The observed increase in activity was far less when rat serum 
was used as the incubation medium. It is further noted that the major 
fraction of the label is recovered from the microsome fraction of the liver 
cells. 


EXPERIMENTAL 


Methionine-S** was used as the labeled substance in measuring the amino 
acid-incorporating system of liver. This compound, with specific activ- 
ities around 17 me. per gm., was obtained from Dr. D. L. Tabern of the 
Abbott Laboratories. 

Adult albino rats of the Sprague-Dawley strain, raised in the Loyola 
colony, were used throughout this work. They were fed standard fox 
chow pellets supplemented with leafy vegetables ad libitum up to the time 
of sacrifice. 

*Supported by a grant-in-aid from the American Cancer Society, upon recom- 
mendation of the Committee on Growth of the National Research Council. Pre- 
sented in part at the meeting of the American Chemical Society, Cincinnati, Ohio, 
March, 1955. 

t Royal FE. Cabell Fellow, 1954-55. Portions of this paper were taken from the 


thesis submitted to the Graduate School of Loyola University by Daniel M. Ziegler 
in partial fulfilment of the requirements for the degree of Doctor of Philosophy. 


569 


570 ACTIVATION OF AMINO ACID INCORPORATION 


The animals were killed by a sharp blow on the back of the neck. The 
liver was rapidly removed and sectioned into slices approximately 0.5 
mm. thick. The slices were weighed on a torsion balance and then placed 
in a Warburg flask containing the incubation medium. Since one or two 
slices (40 to 60 mg.) of tissue were sufficient for each flask, the reaction 
was started within a few minutes of the death of the animal. 

The incubation medium was either Ringer’s bicarbonate solution (12) 
containing 7.8 X 10-4 m sodium succinate or rat blood serum. The serum 
was obtained by pooling blood drawn from the tail of adult rats. The 
blood was permitted to clot and then centrifuged and was used not later 
than 23 hours after it was drawn. 

The flasks were placed in a water bath maintained at 37.5° and, unless 
otherwise specified, were filled with 95 per cent Ocs-5 per cent CO» by evac- 
uating three times with a vacuum pump. The labeling reaction was 
started by transferring the methionine from the side arm into the incuba- 
tion medium. The final concentration of methionine was 0.5 x 10° 
M, generally in 2 ml., the pH being 7.4. 


In the experiments in which the tissue was not fractionated the reaction 


was stopped by the addition of an equal volume of 0.67 m trichloroacetic 
acid (TCA) (final concentration 5 per cent). The samples were washed 
(13) and prepared for counting as described previously (14). The pro- 
cedure includes washing the proteins by repeated solution in base fol- 
lowed by reprecipitation with TCA, hydrolysis of the proteins, and re- 
moval of cysteine and cystine by treatment with freshly prepared Cu.0. 
The residual S*5 is considered as due to methionine incorporation. In each 
case a small aliquot of the final solution in base was removed for deter- 
mination of total nitrogen (15). 

When the tissue was to be fractionated, the contents of the flasks were 
transferred to a centrifuge cone kept in an ice bath and then centrifuged 
in the cold. The supernatant solution was decanted and the slices were 
washed once with 2 ml. of 0.25 m sucrose. The wash liquor was combined 
with the supernatant solution and used for recovery of the medium frac- 
tion. The tissue was homogenized in 0.25 m sucrose and fractionated by 
differential centrifugation essentially as described by Schneider (16). The 
nuclei and débris were obtained after centrifugation at 600 x g' for 10 
minutes and were washed twice. The large granules were sedimented 
from the combined supernatant and wash solutions by centrifugation at 
8500 X g for 20 minutes and washed twice by centrifugation at 8500 X g 
for 10 minutes. The small granules were obtained after centrifugation at 
24,000 X g for 3 hours. The non-sedimented fraction was designated as 
supernatant solution. A small aliquot was removed from each fraction 


! All centrifugal forces are calculated for the tip of the tube. 
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for total nitrogen determination, after which protein was recovered from 
the remainder by addition of TCA to a final concentration of 0.33 m. 
Samples were washed and prepared for counting as described above. The 
fraction referred to as ‘‘medium”’ was recovered directly from the medium 
by addition of TCA. This fraction is relatively constant, regardless of 
the length of the incubation, and apparently represents diffusible proteins 
present in the liver cells. In the original procedure of Schneider (16), in 
which centrifugation is carried out without prior incubation, this fraction 
would presumably be recovered as part of the supernatant solutions. 


Results 


In studying the rate of methionine incorporation into liver proteins, 
slices were incubated in Ringer’s bicarbonate solution for periods of 1, 2, 
or 3 hours. Fig. 1 presents the results obtained in a typical experiment 
in which liver slices from one animal were used, each point representing 
an average of three determinations. It is evident that the rate of incor- 
poration is not linear, but increases with time, the value after 2 hours 
being approximately 3 times that after 1 hour. After the Ist hour the 
rate of incorporation remained linear. This is in contrast to the curve 
obtained with pooled rat pituitaries, also included in Fig. 1. With this 
tissue the rate of incorporation is maximal during the Ist hour and tends 
to decrease slightly as the length of incubation is increased. 


’ O 


N 
T 


@LIVER 
O PITUITARY 
| 2 3 
HOURS 
Fic. 1. Time-course of amino acid incorporation in vitro into liver and pituitary 
tissue. 


MICROMOLS S-35-ME THIONINE 
PER GRAM NITROGEN 


Effect of Incubation before Addition of Labeled Methionine—It has been 
reported that there is a period of approximately 20 minutes between the 
time of injection, in vivo, of a labeled amino acid and its appearance in 
serum protein (17). Peters (18) demonstrated a similar lag in the appear- 
ance of labeled glycine in the albumin produced by rat liver slices in vitro 
and postulated an intermediate into which the label must first be incor- 
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porated before being used to build the final protein. To determine whether 
the increased rate of uptake observed upon incubation was due to a similar 
type of phenomenon, slices were incubated for 1 hour prior to the addition 
of the labeled methionine. The results of several typical experiments, 
collected in Table I, clearly indicate that the presence of the label is not 
essential for the increased rate of incorporation observed during the 2nd 
hour. This would seem to preclude the requirement for the synthesis of 
labeled intermediates as an explanation of the increased rate of protein 
labeling and would appear rather to indicate a specific activation of the 
amino acid-incorporating system upon exposure of the slices to Ringer’s 
solution. In four separate experiments in which the effect of preincuba- 
tion in Ringer’s solution was studied, the average of all values for the Ist 
hour (in micromoles of methionine incorporated per gm. of protein nitro- 
gen per hour + standard error) was 3.4 + 0.2, and that for the 2nd hour 
was 6.3 + 0.4. Although there is some variation in the total amount 
of label incorporated by liver slices of different animals, the relative increase 
in the rate during incubation was quite constant for all the rats studied. 


TABLE 


Incorporation of Methionine-S** into Liver Proteins: Effect of Incubation in 
Ringer’s Solution 


Methionine-S*5 per gm. 


Rat No. | Conditions* | 
| pmoles 
1 | Control 3.1, 3.9, 3.5 
| Preincubated 6.3, 6.5, 6.7 
2 | Control 3.1, 3.7 
Preincubated 5.8, 6.2, 6.2 
| “ without succinate 6.3, 6.2, 6.6 
3 | Control | 3.8, 4.6 
| Preincubated | 6.7, 7.7 
a under nitrogen | 1.0, 1.0, 1.0 


* In all cases the labeling reaction was measured for exactly 1 hour in an atmos- 
phere of O2-CO: and in the presence of succinate. In control samples the labeled 
methionine was tipped in immediately after the flasks were filled with O2-COQ:. 
Preincubations were carried out for 1 hour before tipping in the methionine. Unless 
otherwise specified, conditions during preincubation were identical to those during 
the assay of the incorporating system. 


By calculating the increase in each case, an average value of 1.86 + 0.06- 
fold for this increase was obtained. 

Effect of Preincubation in Absence of Succinate or Oxygen—One experi- 
ment was carried out in which the succinate was omitted during the pre- 
incubation and was placed in the side arm with the methionine and thus 
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tipped in at the beginning of the labeling reaction. No difference was 
observed between the flasks preincubated without succinate and those 
with succinate (see Table I). 

In another experiment, slices were preincubated for 1 hour under nitro- 
gen, the flasks being filled with 95 per cent O2-5 per cent CO, just before 
the addition of the methionine. It is evident from the data (Table 1) 
that preincubation under nitrogen markedly reduced the ability of the 
liver slices to incorporate the label. The nitrogen used was CO>.-free and 
the pH was observed to rise slightly during the preincubation period. No 
significant effect upon the incorporation was observed when the buffer 
capacity of the system was varied by altering the amount of tissue from 
46 to 68 mg. The effect of these amounts of tissue upon the buffer capac- 
ity was observed by measuring the pH after 5 minutes shaking under N»2 
at 37°, and the following values were obtained: no tissue, pH 8.1; 42 mg. 


TaBLeE II 
Effect of Incubation on Nitrogen Content of Liver 
Conditions Per cent nitrogen* 
Incubated in Ringer’s solution (6)............................ 2.6 + 0.03 


* Calculated as gm. of nitrogen per 100 gm. (wet weight) of fresh tissue. 
t Number of samples indicated in parentheses. 


of liver slices, pH 7.8; 51 mg. of liver slices, pH 7.7; 60 mg. of liver slices, 
pH 7.5. Thus it seems clear that the extensive destruction of the incor- 
porating system is attributable to anaerobiosis during this period. It is 
also noted that the effect of pH changes upon the incorporation of amino 
acids into liver homogenates has been studied (5), and a broad optimum 
in the region of pH 7.3 to 8.0 has been reported. 

Effect of Rat Serum As Incubation Medium—During incubation of liver 
slices in Ringer’s bicarbonate solution, approximately 20 per cent of the 
protein leaks into the medium (‘‘medium”’ fraction, Table IV). To deter- 
mine the effect of this loss of protein, two experiments were run with rat 
blood serum as the incubation medium. The procedure was slightly 
modified in these experiments. The methionine was dissolved in distilled 
water, placed in the side arm of the Warburg flasks, and evaporated to 
dryness at 80°. When the labeling reaction was to be started, serum was 
tipped into the side arm and shaken in the water bath for approximately 
1 minute and then transferred back to the main chamber of the vessel. 
Since the large amount of protein in the serum would interfere with the 
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counting of the samples, the slices were removed from the flasks with for- 
ceps, rapidly washed in Ringer’s solution, and dropped into 0.33 m TCA. 
Determination of the nitrogen content of the tissue indicated that the 


TABLE III 
Effect of Incubation in Serum 
Rat No. Conditions* Methionine-S*5 per gm. nitrogen 

umoles 
4 Control 4.4 + 0.7 
Preincubated 5.8 + 0.4 

Control in Ringer’s solution | 4.7, 5.0 
5 Control | 4.6 + 0.5 
Preincubated | 5.6 + 0.5 

Control in Ringer’s solution | 3.9, 3.6 


* The experiments were similar to those described in Table I except that rat serum 
was used as the medium. For comparison, two flasks of slices in Ringer’s solution 
were run for each rat. All other values represent the mean of triplicate determina- 
tions. 
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Fic. 2. Location of label subcellular fractions of liver after incorporation into 
proteins by tissue slices. A, small granules; @, large granules; ©, supernatant so- 
lutions; A, nuclei and débris; O, medium. 


net loss of tissue protein during incubation was prevented by using serum 
as the medium (see Table II). 

The values given in Tabie III show an increase of the order of 1.3-fold 
in the incorporation rate after a preincubation of 1 hour in serum, a value 
which is significantly less than that observed when Ringer’s solution is 
used for the preincubation. It is noted also that the rate of incorporation 
during the Ist hour is similar in the two media. 
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Fractionation of Labeled Liver Slices—Fig. 2 presents the rate of incor- 
poration of the label into fractions obtained by differential centrifugation. 
The uptake was not linear for any fraction, the greatest increase being ob- 
served in the small granule fraction. This fraction also has the highest 
specific activity, which is in accord with reports from other laboratories 
(9-11). The ‘zero time” incorporation was negligible in all fractions 
except the ““medium” fraction, for which 0.27 umole of labeled methionine 
per gm. of protein nitrogen was found to adhere to the protein after wash- 
ing. 

The per cent of the total methionine incorporation which was located 
in each of the fractions after 1 and 2 hours of incubation is listed in Table 
IV. The increase in the per cent of total label incorporated into the me- 


TaBLe IV 
Distribution of S* in Liver Fractions 
Per cent of total S*5incorporation 
: P t of total 
nitrogen 1 hr. 2 hrs. 

incubation incubation 
17.5 + 1.1 8 + 0.4 10 + 2 
19.1 + 0.5 10 + 1 14 + 1 
Small 19.3 + 1.0 45 + 2 38 + 3 
Supernatant solution.................... 22.8 + 0.5 28 + 2 24 + | 


The values represent the mean + standard error for three to six rats. 


dium fraction after 2 hours is almost exactly equal to that lost by the super- 
natant solutions and is presumed to represent the diffusible portion of 
the soluble proteins. With this point in mind, it would appear that the 
shift in the label during incubation occurs primarily between the two 
granule fractions. 


DISCUSSION 


The available evidence indicates that the amino acid-incorporating 
system of liver is highly complex and depends to a great extent upon the 
integritv of the cell (2). The importance of cellular integrity to the proc- 
ess as a whole is emphasized here by the great lability of the system to 
lack of oxygen. It appears that active oxidation is not only required for 
amino acid incorporation, but also to maintain the enzyme system catalyz- 
ing the process. 

The data presented here indicate that a fundamental change in the 
incubation system of liver occurs during the lst hour of incubation. The 
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possibility that diffusion of the label or synthesis of labeled intermediates 
is rate-limiting during the initial period is ruled out by the fact that the 
presence of the label] is not required for the activation. This appears to 
pe characteristic of liver tissue, since no such increase was noted when 
pituitary was used as the source of the incorporation system, nor is it 
apparent in reported data on diaphragm (19) or bone marrow (20). 

It has been demonstrated that the liver is very active in the production 
of serum proteins (21). The rate of synthesis of serum protein is presum- 
ably regulated by the level of protein in the serum bathing the liver cells. 
In the experiments reported here the liver cells are removed from their 
normal environment and placed in a protein-free Ringer’s solution. These 
conditions might be expected to offer a maximal stimulation to protein 
synthesis by this tissue, reflected in the increased rate of amino acid in- 
corporation. A molecular picture of such a controlling mechanism re- 
mains to be elucidated. 

The substrate for the protein-synthesizing enzymes could be one factor 
in determining the over-all rate. The substrate, labeled in this work by 
methionine-S*5, is presumably all the amino acids or suitable peptides 
required for the formation of the protein molecules. Any one of these 
precursors could be the rate-limiting factor under a given set of circum- 
stances. The increased rate of incorporation noted could thus reflect the 
increase in available substrate caused by the action of the intracellular 
proteases during the course of the incubation. 

It then becomes of interest to examine possible explanations for the 
greatly reduced activation in serum, which would presumably offer an 
even greater supply of substrate to the intracellular proteases. However, 
blood serum has the property of inhibiting proteolytic enzymes such as 
trypsin and chymotrypsin (22). It is thus possible that the decreased 
effect noted in serum may reflect an inhibition of proteolysis by the serum 
proteolytic inhibitors. Further speculation must await elucidation of the 
relationship of the serum inhibitors to the intracellular proteases. 


SUMMARY 


When liver slices are incubated with labeled methionine in Ringer’s 
solution, an increasing rate of incorporation of the label into protein is 
noted during the Ist hour. After this, the rate remains linear at least 
until the 3rd hour. The increased rate of incorporation is independent of 
the presence of the label and is attributed to an activation of the amino 
acid incorporation system. 

Incubation in serum results in a much smaller activation of the amino 
acid-incorporating system. 

Preincubation of slices under nitrogen results in a marked inactivation 
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the amino acid-incorporating system. In the presence of oxygen, 


endogenous respiration is sufficient to maintain the system. 


Fractionation of the labeled proteins by differential centrifugation indi- 


cates an increased rate of incorporation into all fractions, the greatest 
increase in specific activity being associated with the small granules (micro- 
somes). Consideration of the per cent of total label in each fraction indi- 
cates that it is essentially constant except for an apparent shift from micro- 
somes to large granules. 


The possible relationships of these observations to protein synthesis by 


liver cells are discussed. 
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ON THE STRUCTURE OF THE DIPHOSPHOPYRIDINE 
NUCLEOTIDE-CYANIDE COMPLEX* 
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Meyerhof, Ohlmeyer, and Mohle (1) reported that DPN! reacted with 
cyanide or bisulfite to form complexes having absorption spectra resembling 
that of DPNH. Colowick et al. (2) studied the cyanide reaction in more 
detail and showed that the ability to form a complex with cyanide is a 
general property of N!-substituted nicotinamide compounds. Because of 
the instability of the complex, these investigators made no attempt to 
isolate it. 

It has heretofore been assumed that addition of cyanide to DPN occurs 
at one of the a positions, namely carbons 2 or 6, on the basis of the indirect 
evidence of Karrer et al. (3) that reduction of DPN occurred at one of 
these sites. In the light of the finding of Pullman et al. (4) that reduction 
of DPN occurs at the 4 or y position of the nicotinamide moiety, it was of 
interest to ascertain the site of addition of cyanide to DPN. In the pres- 
ent paper, data are presented which are consistent with the view that 
addition of cyanide occurs at the y position of the nicotinamide moiety 
rather than at either of the a positions. This conclusion is based on the 
finding that the DPN-CN complex in heavy water undergoes deuterium 
exchange at the y position exclusively. 


Principle of Procedure 


It is known that the processes of enolization, racemization, and deuterium 
exchange proceed at identical rates, under catalysis by base, and that the 
rate-determining step in these reactions is the ionization of the pseudoacid; 
i.e, removal of a proton from combination with carbon (5). None of 


* Contribution No. 116 of the MeCollum-Pratt Institute. This study was initi- 
ated during the tenure of a fellowship from The National Foundation for Infantile 
Paralysis. It was supported in part by research grants (No. G-4313) from the Na- 
tional Institutes of Health, United States Public Health Service, and the American 
Cancer Society, as recommended by the Committee on Growth of the National Re- 
search Council. 

1 The following abbreviations are used: diphosphopyridine nucleotide, oxidized 
form, DPN, reduced form, DPNH; complex formed between DPN and cyanide, 
DPN-CN; 1-methy]-3-carboxamide-2-pyridone and 1-methy]-3-carboxamide-6-pyri- 
done, 2- and 6-pyridones, respectively; aleohol dehydrogenase, ADH. 
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these reactions occurs unless there is unsaturation or a high concentration 
of positive charge on an adjacent carbon atom. Thus deuterium exchange 
under the influence of bases occurs on the a-carbon atom of ketones, esters, 
nitriles, etc. The structural requirements for such an exchange reaction 
are fulfilled in the case of the DPN-CN complex. The hydrogen on the 
carbon atom to which the cyanide group is attached will be exchangeable 
with the medium.? The mechanism postulated for this exchange reaction 
is illustrated by Equations 1 and 2. Although addition of cyanide is 
illustrated here as taking place at carbon 4, in accordance with the find- 
ings reported later in this paper, a similar exchange could also theoretically 
occur after cyanide addition at carbon 2 or 6. 


H CN 
x 
R 


R 
CN 
H CN 
CONH CONH> 
N N 
| | 
R- R 


Colowick et al. (2) showed that dissociation of the DPN-CN complex 
results in the regeneration of DPN by reversal of Equation 1. For the 
case in question, dissociation of the complex should yield DPN labeled 
with deuterium in the nicotinamide moiety. The position of the deuterium 
can be ascertained by a procedure analogous to that used by Pullman 
et al. (4) in their investigation of the structure of DPNH. In brief, this 
procedure involves conversion of the labeled nicotinamide derived from 
DPN to the 2- and 6-pyridones of N'-methylnicotinamide. From the 
deuterium content of the pyridones one can deduce the position of the 
deuterium in the original DPN-CN complex. It is tacitly assumed that 
the site of deuterium exchange and that of cyanide addition are identical. 

When the results of the above procedure indicated that deuterium ex- 
change had occurred at the 4 position, this conclusion was verified by 
demonstrating that the deuterium in the DPN was on the same carbon at 
which oxidation-reduction ordinarily occurs.’ 


2 In this exchange reaction, one is concerned only with deuterium attached to car- 
bon, since deuterium attached to oxygen or nitrogen exchanges readily in water and is 
completely washed out in the subsequent isolation of nicotinamide described below. 

3 That the site of oxidation-reduction is truly at position 4 cannot be stated un- 
equivocally from the technique of Pullman eft al. (4), since positions 3 and 5 are not 
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Methods and Materials‘ 


DPN was purchased from either the Sigma Chemical Company or the 
Pabst Laboratories. The DPNase was a purified enzyme which was 
obtained from zine-deficient Neurospora according to the method of Kaplan 
etal. (7). Crystalline yeast ADH was purchased from the Worthington 
Biochemical Corporation. 

The general experimental procedures used in these studies have been 
described in detail by Pullman et al. (4). The 2- and 6-pyridones were 
prepared and isolated as described previously (8). The identity and purity 
of the pyridones were established by their characteristic spectra and ex- 
tinction coefficients (8). 


Results 
Lvidence for Deuterium Exchange at Carbon 4 of DPN-CN Complex 


Deuterium Content of Pyridones—The results of the isotope measure- 
ments are presented in Table I. It can be seen that the nicotinamide 
contains 0.39 atom of deuterium per molecule, indicating that one of the 
ring hydrogens of the nicotinamide moiety of the DPN-CN complex had 
undergone exchange with the medium. Further, the deuterium contents 
of the nicotinamide, N'-methylnicotinamide, and the 2- and 6-pyridones 
are equal when expressed as atoms of deuterium per molecule. These re- 
sults indicate that neither of the a positions, namely carbon 2 or 6, contains 
deuterium, but that the deuterium is located either at one of the 8 posi- 
tions (carbon 3 or 5) or the y position (carbon 4). From considerations 
of electronic structure, the two 8 positions are extremely unlikely sites for 
cyanide addition; hence, it was tentatively concluded that the deuterium 
was located at the 4 or y position of the nicotinamide moiety. 

Effect of Oxidation-Reduction on Deuterium Content of DPN—Further 
experimental evidence in support of the above conclusion was obtained 
in the following manner. Deuterium-labeled DPN, obtained from the 
DPN-CN complex after exchange in heavy water, was either reduced 
enzymatically and the resulting reduced DPN oxidized chemically, or 
reduced chemically and the reduced DPN oxidized enzymatically. The 
results of the isotope measurements for these experiments are presented 
in Table II. It can be seen (Experiment 1) that the starting DPN con- 
tained 0.89 atom of deuterium per molecule. Enzymatic reduction fol- 
lowed by chemical oxidation (Experiment la) yields DPN which contains 


entirely ruled out by this technique. However, independent evidence ruling out 
positions 3 and 5 has been obtained by Loewus, Vennesland, and Harris (6). 

4The heavy water used in these experiments was obtained on allocation from the 
United States Atomic Energy Commission. 
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0.73 atom of deuterium per molecule, whereas the reverse procedure 
(Experiment 1b) yields DPN containing 0.57 atom of deuterium per mole- 


TABLE I 
Deuterium Exchange with DPN-CN Complex; Deuterium Content of 
Nicotinamide, N'-Methylnicotinamide, and Corresponding 2- and 
6-Pyridones 

DPN (348 mg. representing 420 umoles) was dissolved in 5 ml. of m KCN prepared 
in 99.5 per cent D.0. To this pale vellow solution was added 0.1 ml. of 5 nN KOH 
(prepared in 99.5 per cent D.O), and the resulting orange solution was incubated for 
4 hours at room temperature. After incubation, 42.5 ml. of 99.5 per cent D.O con- 
taining 11 m.eq. of KH.PO, were added, and the HCN was removed by bubbling 
nitrogen through the solution; final pH 6.7. The recovery of DPN by this procedure 
was quantitative.* The DPN was not isolated but was split directly with Neuro- 
spora DPNase and the solution placed on a Dowex 1 formate column. The nicotin- 
amide was eluted with water, diluted by a known factor with unlabeled nicotinamide, 
and isolated by crystallization from benzene. The nicotinamide was methylated 
with methyl iodide to yield N'-methylnicotinamide iodide. This latter compound 
was oxidized with alkaline ferricyanide to yield the 2- and 6-pyridones. The nico- 
tinamide, \!-methylnicotinamide, and the 2- and 6-pyridones were analyzed for 
deuterium in the usual manner. 


Deuterium content 


Compound analyzed ae 


Atom per cent excessf | Atom per molecule? 
N'-MethylInicotinamide..................... | 0.44 | 0.38 


* DPN was determined spectrophotometrically at 340 my after conversion to 
DPNH by ethanol and yeast ADH. It should be noted that an inhibitor of yeast 
ADH appears to be present in the reaction mixture and is detectable even after 1000- 
fold dilution of the original reaction mixture. If one assays such mixtures for DPN 
enzymatically with yeast ADH, it is found that the reaction stops before the DPN 
has been completely reduced. Complete reduction of the DPN can be achieved by 
the addition of more enzyme. 

+ Experimental values. 

t Values corrected for 9.6-fold dilution by carrier. The deuterium content of the 
nicotinamide, expressed as atoms of deuterium per molecule, is identical to the deu- 
terium content, expressed similarly, of the DPN from which it was derived (4). A 
deuterium content of 1 atom per molecule corresponds to a value of 16.7 atoms per 
cent excess for nicotinamide, to 11.1 atoms per cent excess for N'-methylInicotin- 
amide, and to 12.5 atoms per cent excess for the 2- and 6-pyridones. 


cule. One may conclude from these results that deuterium can be trans- 
ferred by the procedures employed. The deuterium must therefore have 
been present at the site at which DPN undergoes reversible oxidation- 
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reduction. Since it is known’ that the site of reversible oxidation-reduc- 
tion is the y position of the nicotinamide moiety of DPN, it follows that 
the deuterium was present at this position. These findings, together with 
the considerations presented in the preceding section, form the basis for 


TABLE II 


Deuterium Exchange with DPN-CN Complex; Change in Deuterium Content 
of Resulting DPN by Oxidation-Reduction Reactions Specific for 
Position 

DPN (350 mg. representing 422 umoles) was dissolved in 5 ml. of mMKCN (prepared 
in 99.5 per cent D.O) and the pH of the solution adjusted to 11.3 by the addition of 
5 N KOH (prepared in 99.5 per cent D2O). After incubation for 100 minutes at room 
temperature, 45 ml. of 99.5 per cent D2O containing 11 m.eq. of KH2PO, were added 
to the reaction mixture, and the HCN was removed as indicated in Table I. The 
resulting DPN was precipitated with acid-acetone and collected by centrifugation. 
The precipitate was dissolved in water and the solution, which contained 336 umoles 
of DPN, was divided into three fractions. 

In Experiment 1 the DPN present in one fraction was split with Neurospora DPN- 
ase and the nicotinamide isolated as indicated in Table I. In Experiment 1a a sec- 
ond fraction was treated with alcohol and veast ADH to yield enzymatically reduced 
DPN. This reduced DPN was oxidized chemically, without prior isolation, with 
neutral ferricyanide and the resulting DPN treated asin Experiment 1. In Ezperi- 
ment 1b the last fraction was treated with sodium dithionite (in H.O) to yield chemi- 
cally reduced DPN, which was isolated as the barium salt. The reduced DPN, as 
the potassium salt, was oxidized enzymatically with acetaldehyde and yeast ADH 
and the resulting DPN treated as in Experiment 1. In each experiment, crystalline 
samples of nicotinamide were used for the deuterium analysis. 


Deuterium content 
er cent 
Mode of reduction Mode of oxidation retention of 
ee Atoms per | Atom per | deuterium 
cent excess*!} moleculet 

1 9.9 1.50 0.89 
la Enzymatic Chemical 10.0 1.22 0.73 82t 
Ib Chemical Enzymatic 11.1 0. 0.57 64 


* Experimental values. 
+t Values corrected for dilution by carrier. 
t Sample calculation, 0.73/0.89 XK 100 = 82. 


the conclusion that cyanide most probably adds to DPN at they position 
of the nicotinamide moiety. 

The quantitative aspects of these experiments (Table II, last column) 
are in reasonable agreement with data previously published on the effects 
of oxidation-reduction on the deuterium content of y-labeled DPN (9). 
This suggests that the deuterium exchange had occurred exclusively in the 
y position of the DPN-CN complex. 
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Effect of Alkali on Deuteriwm Exchange with DPN-CN Complex 


From the considerations presented earlier, one would predict that this 
exchange would be enhanced by increased pH. The results which are 
presented in Table III are in support of this prediction. It can be seen 
that the exchange reaction is pH-dependent and that the amount of deu- 
terium incorporated increases with increased pH. It should be noted that 
these data are intended to show the pH dependence of the exchange reac- 
tion in a qualitative way, since no attempt was made to measure the exact 
pH of the reaction mixtures. One may estimate that the approximate pH 
values in Experiments 1, 2, and 3 of Table III ranged from 10 to 11.5. 


TaBLe III 
Effect of Alkali on Deuterium Exchange with DPN-CN Complex 


— DPN KCN | KOH Time = 
pmoles per ml. moles per ml. ymoles per ml. hrs. 
1 83 1000 | 1 0.06 
2 83 1000 | 100 | 1 0.26 
3 83 1000s 130 | [ga 0.89 
i | 
DISCUSSION 


The conclusion that addition of cyanide to DPN occurs at the y position 
of the nicotinamide moiety is based solely on the fact that it is the hydro- 
gen at this position in the DPN-CN complex which undergoes exchange 
with the medium. It is reasoned that the hydrogen at this position is 
sufficiently acidic, by virtue of the fact it is a to the cyanide group, to ac- 
count for the observed degree of deuterium exchange. The acidic nature 
of this hydrogen is enhanced by resonance stabilization in the resulting 
anion. Addition of cyanide at some other position of the nicotinamide 
moiety of DPN could not result in the observed exchange of the hydrogen 
exclusively at the y position. 


CN CN CN 
CONH> S-CONH> itll CONH, 


[1] [11] 
Fic. 1. Resonance forms of the anion of the DPN-CN complex 


It is interesting that, under the conditions used in these experiments, 
the exchange reaction appears to be specific for the y position of the nico- 


5, 
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tinamide moiety of DPN. This is not surprising if one examines the res- 
onance forms of the anion of the DPN-CN complex which are shown in 
Fig. 1. Addition of a proton to Form I would result in the formation of 
the original DPN-CN complex, whereas the addition of a proton to either 
Form II or III would result in the isomerization of the DPN-CN complex. 
These reactions are illustrated by Equations 3 to 5. 


Hy-CN 
CONH © 
N 


R 
[IV] 
CN 
“S-CONH 
+4,0 = || (4) 
N 
R 
(Vv) 
CN 
CONH> 
+ #20 SS yy | + OH (5) 
N 
R 
[v1] 


It can be seen that Forms V and VI are tautomers of Form IV. Since 
dissociation of only Form IV would lead to the regeneration of DPN, it 
seems reasonable that Forms V and VI must be converted back to Form 
IV, via the anion, in order to account for the complete recovery of DPN in 
these experiments upon neutralization of the DPN-CN complex. This 
type of mechanism should result in the incorporation of deuterium into 
each of the a positions as well as the y position. The experimental data 
clearly indicate that this is not the case. It would appear, therefore, that 
the rate of isomerization of the DPN-CN complex is very slow compared 
to its rate of deuterium exchange at the y position and that the apparent 
specificity of the deuterium exchange for the y position is explainable on 
this basis.* 


5 It is possible that the isomerization reaction requires more alkaline conditions 
than is necessary for the deuterium exchange. It has been observed that alkaliza- 
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Some years ago, Ingold et al. (10) studied a somewhat analogous reac- 
tion, and the data which these investigators obtained are in support of the 
above conclusion. They studied the rate of base-catalyzed isomerization 
and deuterium exchange for the case of the tautomeric B,y- and a,f-un- 
saturated nitriles, cyclohexenyl- and cyclohexylideneacetonitrile, respec- 
tively. They showed that the rate of deuterium exchange of the 8 ,y-un- 
saturated nitrile was very much faster than its rate of isomerization to the 
a,8 form. For the case of the DPN-CN complex, Form IV is a B,y-un- 
saturated nitrile and would, by analogy with the cyclohexenylacetonitrile, 
be expected to undergo deuterium exchange faster than isomerization to 
the a,B-unsaturated nitrile (Forms V and VI). 

The finding that cyanide adds to DPN at the y position of the nicotina- 
mide moiety constitutes the second example of chemical addition at this 
position (11). Whether or not the y position is unique as regards the for- 
mation of other chemical addition compounds (12, 13) of DPN must await 
further investigation. Kaplan and Ciotti (14) have presented spectral 
evidence which supports the postulation that DPNH and the DPN-CN and 
DPN-hydroxylamine complexes are structurally similar. 

The exchange reaction of the DPN-CN complex in heavy water provides 
an easy method of preparing DPN labeled with deuterium in the y posi- 
tion in good yield. In addition, it obviates the necessity of deuterium- 
labeled substrates in the preparation of enzymatically reduced deuterio- 
DPN. This deuterium-labeled DPN can be used to prepare either stereo- 
isomer of reduced deuterio-DPN, depending on the stereospecificity of the 
dehydrogenase used for reduction (15, 16). 


The author acknowledges with gratitude the continued interest and val- 
uable advice of Dr. Sidney P. Colowick and Dr. Nathan O. Kap- 
lan. Thanks are also due to Mr. Francis Stolzenbach for the preparation 
of the DPNase, to Dr. Theodore Enns, working under Veterans Adminis- 
tration contract No. V1001-M527, for his cooperation in obtaining the 
isotope data, and to the Pabst Laboratories for supplying some of the 
DPN used in these experiments. 


SUMMARY 


It has been possible, with deuterium as a tracer, to obtain evidence that 
the addition of cyanide to DPN occurs at the y position of the nicotinamide 
moiety. This conclusion is based on the finding that the DPN-CN com- 


tion (pH 13 to 13.5) of the DPN-CN complex results in a slow increase in absorption 
at 260 mu. The relationship, if any exists, of this increase in absorption to the iso- 
merization reaction remains to be determined. 
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plex in heavy water undergoes deuterium exchange at the y position ex- 
clusively. | 
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BASE-CATALYZED DEUTERIUM EXCHANGE WITH 
DIPHOSPHOPYRIDINE NUCLEOTIDE* 


By ANTHONY SAN PIETRO 


(From the McCollum-Pratt Institute, The Johns Hopkins University, 
Baltimore, Maryland) 


(Received for publication, April 15, 1955) 


In the preceding paper (1), it was shown that deuterium exchange with 
the DPN-cyanide complex results in the incorporation of deuterium at the 
y position of the nicotinamide moiety of diphosphopyridine nucleotide 
(DPN). It was of interest to determine whether or not deuterium would 
be incorporated into DPN under alkaline conditions. In the present pub- 
lication, experiments are described which show that deuterium exchange 
with DPN does occur in alkaline solution and that deuterium is introduced 
into one of the a positions (namely carbon 2) rather than at the y position, 
as is the case with the DPN-cyanide complex. 

The methods and materials' used in the experiments to be described are 
given in the preceding paper (1). 


Results 


Deuterium Exchange with DPN in Alkaline Solution—These experiments 
were set up in the following manner: DPN was dissolved in 99.5 per cent 
D.O, and three such solutions were adjusted to pH 10.1, 11.0, and 12.1, 
respectively, with KOH. After incubation for 2 hours at room tempera- 
ture, the pH of each of the solutions was brought to 6.8 and the DPN, after 
isolation, was split with Neurospora DPNase. The resulting nicotinamide 
was isolated and analyzed for deuterium content. 

The results of the isotope measurements are presented in Table I. It 
can be seen (Experiments | and 2) that 0.52 and 0.92 atoms of deuterium 
per molecule are incorporated into DPN at pH 10.1 and 11.0, respectively. 

During the course of the experiments, some nicotinamide is liberated by 
the well known alkali-catalyzed splitting of DPN at the nicotinamide- 
ribose linkage (3, 4). This nicotinamide was isolated and analyzed for 


* Contribution No. 117 of the MeCollum-Pratt Institute. This study was initi- 
ated during the tenure of a fellowship from The National Foundation for Infantile 
Paralysis. It was supported in part by research grants (No. G-4313) from the Na- 
tional Institutes of Health, United States Public Health Service, and the American 
Cancer Society, as recommended by the Committee on Growth of the National Re- 
search Couneil. 

'The heavy water used in these experiments was obtained on allocation from 
the United States Atomic Energy Commission. 
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deuterium content. It can be seen (Experiments la, 2a, and 3a) that the 
nicotinamide liberated by alkali contained 0.29, 0.60, and 0.89 atoms of 


TaBLe I 
Effect of pH on Deuterium Exchange with DPN 


DPN (350 mg. representing 420 wmoles) was dissolved in 5 ml. of 99.5 per cent 
D.O, and the pH of the solution was adjusted to 10.1 by the addition of 1 Nv KOH 
(prepared in 99.5 per cent D.O). In two similar experiments, the pH was adjusted 
to 11.0 and 12.1. In each case, the reaction mixture was incubated for 2 hours at 
room temperature. After incubation, the pH of the solutions was adjusted to ap- 
proximately 6.8 and the amount of DPN remaining was estimated by the cyanide 
method (2). For the conditions of pH 10.1, 11.0, and 12.1, the amount of DPN re. 
maining was 358, 308, and 126 uwmoles, respectively. The DPN was precipitated with 
acid-acetone and collected by centrifugation. The acetone-water supernatant solu- 
tions were saved and treated as indicated below. In each instance, the DPN was 
dissolved in 0.1 m phosphate buffer, pH 6.8, and split with Neurospora DPNase. 
The solution was placed on a Dowex 1 formate column, and the nicotinamide was 
eluted with water. The nicotinamide was diluted by a known factor with unlabeled 
nicotinamide and isolated by crystallization from benzene. The acetone-water su- 
perpatant solutions were concentrated to dryness in vacuo. The residues were dis- 
solved in water and assayed for nicotinamide content in the usual manner. For the 
conditions of pH 10.1, 11.0, and 12.1, the amount of nicotinamide was 33, 77, and 242 
umoles, respectively. In each case, the nicotinamide was isolated as described 
above. In all cases, crystalline samples of nicotinamide were used for the deuterium 
analyses. 


| | | Deuterium content 
—" | | “factor” | Atoms per | Atom 
| cent wed 

DPN 10.1 12.3 | 0.71 | 0.82 
la Nicotinamide | 22 10.1 | 0.48 | 0.29 
2 DPN | 1.44 | 0.92 
2a Nicotinamide | no | 9.3 107 | 0.60 

3 DPNt | 12.1 
3a Nicotinamide | 12.1 | 4.7 3.17 | 0.89 
4 : DPN§ | | 13.7 | 4.17 0.96 


* Experimental values. 

+ Values corrected for dilution by carrier. For nicotinamide, a deuterium con- 
tent of 1 atom of deuterium per molecule corresponds to a value of 16.7 atoms per 
cent excess. 

t Insufficient nicotinamide isolated for deuterium analysis. 

§ A sample of the DPN remaining in Experiment 2 was reduced chemically and 
oxidized enzymatically; see the text. 


deuterium per molecule for the conditions of pH 10.1, 11.0, and 12.1, 
respectively. It has been shown (5) that the nicotinamide isolated after 
the cleavage of DPN by DPNase in heavy water at pH 7.5 was devoid of 
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deuterium. By analogy with the DPNase reaction, it was expected that 
cleavage of DPN by alkali in heavy water would not result in the incor- 
poration of any additional deuterium into the nicotinamide over and above 
that incorporated into the DPN by exchange. The fact that the nicotina- 
mide released by alkali contained less deuterium than the DPN remaining 
at the end of the alkali treatment is in agreement with this expectation. 
The deuterium content of the nicotinamide presumably corresponds exactly 
to that of the DPN from which it was derived. 


TaBLe Il 


Deuterium Exchange with DPN; Deuterium Content of Nicotinamide, 
N'-Methylnicotinamide, and Corresponding 2- and 6-Pyridones 


The nicotinamide derived from the DPN of both Experiments 1 and 2 (Table I) 
was combined with the nicotinamide of Experiment 3a and diluted with unlabeled 
nicotinamide in order to provide sufficient material for the subsequent reactions. 
A sample of the diluted nicotinamide was removed for deuterium analysis, and the 
remainder was methylated with methyl iodide to vield V'-methylnicotinamide io- 
dide. The latter compound was oxidized with alkaline ferricyanide to vield the 2- 
and 6-pyridones. The nicotinamide, V'-methylnicotinamide, and the 2- and 6-pyri- 
dones were analyzed for deuterium in the usual manner. 


| 
Compound analyzed | | 
Nicotinamide. __. | | 0.47 | 100 
N'Methylnicotinamide | 0.30 | 06 
7 | 0.03 | 9 


* Experimental values. 

t Sample calculation, (0.30/0.47) K 9/6 K 100 = 96, where the factor 9/6 is the 
ratio of the number of hydrogens in \V'-methylnicotinamide to the number of hy- 
drogens in nicotinamide. 


Position of Deuterium in DPN—This was ascertained in the following 
manner. A sample of DPN from Experiment 2 (Table I) was treated 
with sodium dithionite to yield chemically reduced DPN, which was iso- 
lated as the barium salt. The reduced DPN, as the potassium salt, was 
oxidized enzymatically with acetaldehyde and yeast alcohol dehydrogen- 
ase. The DPN was split with DPNase and the resulting nicotinamide 
isolated and analyzed for deuterium content (Table I, Experiment 4). It 
can be seen that the deuterium content of the starting DPN (Experiment 
2) is the same as the DPN resulting from chemical reduction and enzy- 
matic oxidation (Experiment 4); thus, no deuterium was lost by this 
procedure. This finding indicates that the deuterium was not present at 
the 4 or y position of DPN, which has been shown? to be the site at which 


* See foot-note 3 of the preceding paper (1). 
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DPN undergoes reversible oxidation-reduction. If the deuterium had 
been present at this position, the deuterium content of the final DPN 
would have been approximately 70 per cent of that of the starting DPN 
(5). 

It appeared, therefore, that the deuterium was either present at one or 
both of the a positions (carbon 2 or 6) or at the 8 position (carbon 5). The 
first of these two possibilities could be tested experimentally by known 
procedures. The results of such an experiment are presented in Table II. 
It can be seen that conversion of the nicotinamide to the 1-methyl-3-car- 
boxamide-2-pyridone (2-pyridone) results in almost complete loss of deu- 
terium, whereas conversion to the 1-methyl-3-carboxamide-6-pyridone (6- 
pyridone) results in retention of 68 per cent of the deuterium.’ These 
findings are interpreted to mean that the deuterium was present in the 2 
position of the nicotinamide moiety of DPN. 


DISCUSSION 


The mechanism of incorporation of deuterium into DPN under the in- 


fluence of alkali is not completely understood at the present time. 

One possible mechanism would require the ionization of one of the py- 
ridine ring hydrogens. It is known (6) that deuterium exchange does oc- 
cur under the action of alkali in pyridine derivatives. This activation has 
been explained on the basis of the electron-attracting properties of the 
C==N linkage which are increased in the quaternary salts. It is possible 
that a similar reaction can occur in the case of DPN. The quaternary 
nitrogen could be sufficiently electron-attractive to allow for exchange, 
via ionization, of one of the ring hydrogens. It is of interest that this 
activation tends to favor ionization of the hydrogen at the 2 position of the 
nicotinamide moiety of DPN. This apparent specificity may, perhaps, 
be the result of the mildly alkaline conditions used in these experiments. 
Under these conditions, only the hydrogen at the 2 position of the nico- 
tinamide moiety may be sufficiently activated, by virtue of the fact that 
it is a to the ring nitrogen and 6 to the carboxamide group, to undergo 
exchange. Under more alkaline conditions, it may be possible to get ex- 
change of more than just one of the ring hydrogens. 

The well known mechanism of pseudobase formation followed by tauto- 


3The reason why the 6-pyridone contains only 68 per cent of the theoretical 
amount of deuterium remains to be determined. It is possible that some deuterium 
exchange occurs at the 2 position of the N'!-methylnicotinamide under the alkaline 
conditions necessary for the oxidation reaction, prior to its conversion to the cor- 
responding 2- and 6-pyridones via the pseudobase. This possibility could be tested 
experimentally by determining whether or not deuterium is incorporated into either 
or both of the pyridones when the alkaline oxidation of unlabeled N'-methylInicotin- 
amide is carried out in heavy water. 
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merization to the open chain amino aldehyde compound would result in 
the incorporation of deuterium at the 5 position of the nicotinamide moiety 
of DPN and has been ruled out on this basis. In strong alkali, the appear- 
ance of a transient absorption at 340 my, which may be attributable to 
pseudobase formation, has been reported (3), whereas in dilute alkali the 
appearance of an absorption peak at 290 my has been observed.* The re- 
lationship, if there is any, between this 290 my-absorbing material and the 
deuterium exchange reported in this paper remains to be determined. 


The author is indebted to Dr. Sidney P. Colowick and Dr. Nathan 0. 
Kaplan for their valuable assistance and criticism. Thanks are also due 
to Dr. Theodore Enns, working under Veterans Administration contract 
No. V1001-M527, for his cooperation in obtaining the isotope data, to Mr. 
Francis Stolzenbach for the preparation of the DPNase, and to the Pabst 
Laboratories for supplying some of the DPN used in these experiments. 


SUMMARY 


By use of deuterium as a tracer, it has been possible to demonstrate 
that deuterium exchange with DPN, in alkaline solution, takes place at the 
2 position of the nicotinamide moiety. A possible mechanism for the deu- 
terium exchange with DPN is discussed. 
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STUDIES OF THE KINETICS OF THE REVERSE REACTION 
OF YEAST HEXOKINASE* 


By JAMES L. GAMBLE, Jr.,f anv VICTOR A. NAJJAR 


(From the Department of Pediatrics, The Johns Hopkins University, School of 
Medicine, and the Johns Hopkins Hospital, Baltimore, Maryland) 


(Received for publication, March 14, 1955) 


Evidence of the reversible nature of the hexokinase reaction has been 
presented in a previous communication from this laboratory (1). An 
exchange reaction was described in which C-labeled glucose was inter- 
changed with G6P! when incubated with a yeast hexokinase preparation 
and catalytic amounts of either ATP or ADP. The present study is 
concerned with the rate of the reverse reaction and with its relationship 
to the concentrations of ADP and G6P, the ‘‘product”’ substrates. 


Methods and Materials 


Preparation of Purified Yeast Hexokinase—The enzyme was purified ac- 
cording to the procedures described by Berger e¢ al. (2) with the following 
modifications. In Step 1 the alcohol concentration was first brought to 
20 per cent and the precipitate discarded before being raised to 45 per 
cent to bring down the desired protein fraction. Step 3 was omitted. 
In Step 4 the alumina Cy was added stepwise (1 ml. of Cy per 100 to 200 
mg. of protein). The fractions were eluted separately and those with the 
highest specific activity were combined.? Step 5 was carried out as de- 
scribed and was the final procedure. Attempts to obtain crystals or to 
increase the specific activity further were not successful. The prepara- 
tion used contained 560 units per mg. of protein and was considered 18 
per cent pure. Phosphohexose isomerase (Lohmann’s isomerase) activity 
was present, but no activity of phosphomannose isomerase,’ phosphatase, 
phosphoglucomutase, phosphofructokinase, or myokinase was detected. 
Relative to the last, incubation of the enzyme with glucose and ADP for 
5 minutes revealed an immediate formation of trace amounts of G6P, 


*This investigation was supported by a research grant (G-3289-C) from the 
Division of Research Grants, National Institutes of Health, United States Public 
Health Service. 

t Postdoctoral Fellow of the United States Public Health Service. 

' The following abbreviations are used: G6P, glucose-6-phosphate; F6P, fructose- 
6-phosphate; ATP, adenosine triphosphate; ADP, adenosine diphosphate; AMP, 
adenosine monophosphate; Tris, tris(hydroxymethyl)aminomethane. 

? This modification was suggested by M. E. Pullman. 

The authors are indebted to M. Slein for the phosphomannose isomerase assay. 
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consistent with the interpretation that 2 per cent of the ADP was ATP. 
Further prolongation of the incubation to 8 hours did not increase the 
amount of G6P. In contrast to data presented previously (2), the above 
enzyme was found to retain its activity when glucose was removed by 
dialysis for 18 hours in 0.01 m acetate buffer, pH 5.0. 

Reagents—ATP and ADP (Pabst) were assayed enzymatically by measur- 
ing the AP;; values after incubation with hexokinase and with hexokinase 
coupled with myokinase. G6P (Sigma) was assayed by Zwischenferment 
(3). The identity of the C-labeled glucose (Nuclear) was established by 
the finding that the material could be quantitatively converted to C'- 
labeled hexose phosphate with hexokinase and ATP. The hexose phos- 
phate was isolated with Dowex 1 and assayed with Zwischenferment. This 
enzyme was prepared from Leuconostoc mesenteroides by the method of 
DeMoss et al. (4). Phosphohexose isomerase activity was present in this 
preparation. The C'-labeled G6P, used as a reagent, was prepared and 
isolated as described above as an isomerase equilibrium mixture of G6P 
and F6P. 

Methods—Glucose was measured by the method of Nelson (5) and 
Somogyi (6), fructose by the resorcinol method of Roe (7), and G6P by 
Zwischenferment (3). Since isomerase was present both in the hexokinase 
and Zwischenferment preparations, the F6P formed in the hexokinase in- 
cubation mixtures was measured together with the G6P in the Zwischen- 
ferment assays. G6P and F6P were separated from glucose and fructose 
with Dowex 1 formate (1). Radioactivity was assayed at infinite thinness 
with a standard end window Geiger tube or with a continuous flow counter. 
The exchange rates were calculated from knowledge of initial, final, and 
equilibrium distribution of radioactivity between glucose and the hexose 
phosphate according to equations derived by Sheppard and Householder 
(8) and by Solomon (9), assuming a “closed two-compartment system.” 
Since the rate of the phosphohexose isomerase reaction was determined 
to be 50 times as fast as measured exchange rates, the G6P and F6P were 
considered to be in the same “‘compartment,”’ with equal specific activities. 
To remove a 2 per cent contamination of the ADP by ATP, reaction mix- 
tures were incubated with appropriate amounts of unlabeled glucose before 
adding the C"4-glucose. Preincubation periods also served to equilibrate 
the phosphohexose isomerase reaction converting 30 per cent of the added 
G6P to F6P (10). 


Results 


In Table I, the exchange rate with ADP alone is compared with the 
forward rate with ATP, under conditions similar to those used by Berger 
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et al. (2). The exchange rate, which is determined by the rate of reverse 
reaction, is shown under these conditions to be approximately one-fiftieth 
as fast as the forward rate. 

Since the enzyme preparation contained phosphohexose isomerase ac- 
tivity (Lohmann’s isomerase) and since fructose is also a substrate for 


TaBLeE [ 
Comparison between Forward and Exchange Reaction Rates 


| | H | 
| Incubati | 
Enzyme ATP ADP AMP | Added | — 
units umoles umoles umoles | pumoles min, C.p.m. | 
} 
1.3 2 | 2080 0.0580 
1.3 | 2 | | (18) * | 250 8 | 0.0000 


The reactions were carried out in 0.05 m Tris buffer (pH 7.6) and 0.02 m MgCl. 
at 30°. Total volume, 0.5 ml. In the ADP and AMP experiments mixtures were 
incubated for 20 minutes with 0.2 wmole of unlabeled glucose before adding 0.58 
umole of labeled glucose (5600 ¢.p.m., end window Geiger tube). Inthe ATP experi- 
ment the same quantities of labeled and unlabeled glucose were contained in the 
mixture before addition of the enzyme. 

* G6P in this experiment was added after inactivation of the enzyme by boiling. 


veast hexokinase (2), it was necessary to determine the rate of the back- 
reaction of fructose in relation to that of glucose. 


Glucose glucose-6-phosphate (70%) 


Fructose “3 fructose-6-phosphate (30%) 


In the studies summarized in Table II, the hexose phosphates were 
labeled initially, and a direct comparison was made between the rate at 
which the total radioactivity was transported from right to left (Reac- 
tions 1 and 3) and the rate at which fructose accumulated (Reaction 3). 
The over-all exchange reaction rate calculated from the data was 4.2 K 10-4 
umole of hexose per minute per unit of enzyme, and the rate of fructose 
formation was 7.5 X 10-> umole per minute per unit. The figures indi- 
cate that 15 to 20 per cent of the label was carried with the fructose. 

Rate data summarizing the effect of increasing the concentrations of 
added ADP and G6P are presented in Fig. 1 in the form of Lineweaver- 
Burk plots (11). The reactive amount of G6P (abscissa) was considered to 
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be 0.7 times the added quantity. The concentrations for half maximal rates 
are indicated as 0.0026 m and 0.003 m for ADP and 0.06 m and 0.1 for 
G6P. Concentrations of ADP above 0.01 m and of G6P above 0.03 m 
were found to inhibit the exchange reaction. The calculations of the 
rates were based on the transfer of radioactivity, and hence only the over- 
all hexose exchange rate was measured. In reference to the fact that the 
enzyme was active with two substrates, the fraction of activity trans- 
ported with the fructose was relatively small (less than 20 per cent of the 
total) and theoretically was relatively constant, since the concentrations 


TABLE II 


Comparison between Transfer of Radioactivity and Formation of Fructose 
in Exchange Reaction 


Dowex 1 effluent 


Time | ADP 
Radioactivity | Fructose 

hrs. umoles C.p.m. umole 
0.17 2 280 | 0.05 
1.0 2 825 0.21 
3.0 2 S90 | 0.35 
8.0 2 913 | 0.40 
8.0 37 | 0.01 


The reactions were carried out in 0.5 ml. mixtures containing 67 units of hexo- 
kinase, 0.76 umole of glucose, 10 uymoles of unlabeled G6P (added), 0.3 umole of 
labeled G6P (14,000 ¢.p.m., windowless flow counter) in 0.07 m Tris buffer (pH 7.6), 
and 0.03 m MgCl, at 30°. After 10 minutes preincubation, the reaction was started 
by adding the ADP. The Dowex 1 effluent contains both glucose and fructose but 
no phosphorylated sugar. 


of G6P and F6P in the range studied were both well below the indicated 
values for half saturation of the enzyme. 7 

Additional information referable to the exchange reaction was ob- 
tained from two complementary studies. 

In the first, in which C“-G6P was incubated with ADP and enzyme, 
raising the concentration of glucose from 0.002 m to 0.01 m produced ap- 
proximately a 5-fold decrease in the exchange rate. This result suggests 
that glucose inhibits the back-reaction. 

In the second, a study was made to determine the K,, of ATP in the 
forward reaction (glucose). 0.25 unit of the enzyme was incubated in 
0.03 m Tris (pH 7.6) and 0.01 m MgCl, at 30° with 0.5 to 3 umoles of ATP 
and 2.5 umoles of C-labeled glucose in a 10 ml. volume for 10 minutes 
before boiling. From these solutions 0.05 to 0.1 umole of hexose phos- 
phate was separated with Dowex 1 formate. The assay depended upon 
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transfer of radioactivity. A, values of 5 and 7 X 10-> were obtained in 
two experiments. These values compare with 9.5 X 10-° previously re- 
ported by Slein, Cori, and Cori (12), who found the K,, for glucose and 
fructose to be 1.4 X 10-‘ and 1.3 X 107%, respectively. Addition of ADP 
in the present determinations at a concentration of 5 X 10-4 m produced 
an inhibition of approximately 50 per cent at all levels of ATP, and hence 
the ADP inhibition of the forward reaction was indicated as non-competi- 


x10? 


L L L 


1000 2000 100 200 
% -p ! F-6-P J 
ADP Xk, G-6-P % 443M 


Fic. 1. Relations between the reciprocal of the velocity (micromoles per minute 
per unit of enzyme) and the reciprocal of the molarity of ADP and hexose phos- 
phates. The reactions were carried out in 0.5 ml. volumes containing 40 units of 
hexokinase in 0.05 m Tris buffer (pH 7.6) and 0.02 m MgCl. at 30°. After 10 minutes 
preincubation with 0.5 umole of unlabeled glucose, 0.5 wmole of C'*-labeled glucose 
(400 c.p.m., Geiger tube) was added and the incubation continued 60 minutes. 
For Curves 1 and 2, the G6P concentrations were 0.011 and 0.028 m, respectively. 
For Curves 3 and 4, the ADP concentrations were 0.0025 and 0.0045 Mm, respectively. 
The numbers on the abscissa refer both to G6P and F6P as indicated. 


tive. This type of inhibition of the forward reaction of yeast hexokinase 
has also been observed by Handler.‘ 


DISCUSSION 


The use of labeled compounds in exchange reactions has greatly simpli- 
fied the problem of studying reversibility in reactions in which net syn- 
thesis in the reverse direction is difficult to demonstrate. In the present 
study with hexokinase, transport of radioactivity in either direction be- 
tween glucose and G6P was observed in the absence of added ATP and 
was found to require ADP. Handler‘ observed exchange between P*- 
labeled G6P and ATP when both were incubated with hexokinase and 


*P. Handler, personal communications. 
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ADP. The additional finding reported here of the accumulation of 
fructose is evidence of reversibility obtained without the use of isotopes. 

Since the studies of the substrate concentrations required for half sat- 
uration of the enzyme for the back-reaction were made with incubation 
mixtures containing both G6P and F6P, they are difficult to interpret in 
reference to either alone. The findings must nevertheless have signifi- 
cance referable to the ‘“‘natural’’ state in which these substrates are neces- 
sarily both present in the same proportions. The maximal rates of the 
reverse reaction observed were one-fiftieth as rapid as the recognized for- 
ward rate with the enzyme saturated with ATP and glucose (0.045 umole 
per minute per unit of enzyme (2)). The slope of the curves in Fig. 1 sug- 
gests that the theoretical rate of the reverse reaction would be faster by a 
factor of 5 to 10 at infinite substrate concentration. A more precise esti- 
mate of the maximal rate will require further studies to evaluate the afore- 
mentioned evidence of glucose inhibition of the back-reaction. Glucose 
was essential to permit accumulation of radioactivity in the exchange re- 
actions. The relatively small difference between the maximal rates of the 
forward and backward reactions is not inconsistent with the known high 
equilibrium constant for the hexokinase reaction if, in addition, one takes 
into account the high affinities of ATP and glucose for the enzyme and the 
low affinities indicated for ADP and G6P.5 


SUMMARY 


The reverse reaction of yeast hexokinase has been studied by means of 
either C'-labeled glucose or C-labeled G6P in exchange reactions. The 
enzyme preparation contained active amounts of phosphohexose isomerase, 
and 15 to 20 per cent of the radioactivity transferred was calculated to be 
associated with the formation of fructose from F6P. Rates of the reverse 
reaction one-fiftieth as fast as the recognized forward rate were measured. 
The concentrations of G6P and ADP associated with half maximal veloc- 
ity in this system were 0.08 m and 0.0028 m, respectively. 


BIBLIOGRAPHY 


1. Gamble, J. L., Jr., and Najjar, V. A., Science, 120, 1023 (1954). 

2. Berger, L., Slein, M. W., Colowick, S. P., and Cori, C. F., J. Gen. Physiol., 29, 
379 (1946). 

. Warburg, O., Christian, W., and Griese, A., Biochem. Z., 282, 157 (1935). 

. DeMoss, R. D., Gunsalus, I. C., and Bard, R. C., J. Bact., 66, 10 (1953). 

. Nelson, N., J. Biol. Chem., 158, 375 (1944). 


Or 


5 As discussed by Racker (13), the relationship between the equilibrium constant, 
K,, the maximal velocities V; and V2 of the forward and backward reactions, and the 
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K; and K, is given by the equation, K, = Vi/V2 & (K3 XK K,y)/(Ki X Kz). 


| 
| 

| 


J. L. GAMBLE, JR., AND V. A. NAJJAR 


. Somogyi, M., J. Biol. Chem., 160, 61 (1945). 

. Roe, J. H., J. Biol. Chem., 107, 15 (1934). 

. Sheppard, C. W., and Householder, A. S., J. Appl. Phys., 22, 510 (1951). 
. Solomon, A. K., J. Clin. Invest., 28, 1297 (1949). 

. Lohmann, K., Biochem. Z., 262, 137 (1933). 

. Lineweaver, H., and Burk, D., J. Am. Chem. Soc., 56, 658 (1934). 

. Slein, M. W., Cori, G. T., and Cori, C. F., J. Biol. Chem., 186, 763 (1950). 
. Racker, E., Physiol. Rev., 35, 1 (1955). 


601 
of 
S 
moi 
| 12 
he 
le 
g- 
ti- 
se 
"e- 
he 
gh 
he 
of 
‘he 
se, 
be 
rse 
ed. 
29, 
int, 
the 
ints 


(Fr 


T 
vic 
nu 

the 
the 

me 
we 
zal 
hy 
wh 

Tal 
an 
tat 
ch 
by 
Th 
wa 

thi 
the 
WI 

Su 
lan 
ade 
me 
XUM 


THE ENTHALPY CHANGE ON ADENOSINE TRIPHOSPHATE 
HYDROLYSIS. I 


By RICHARD J. PODOLSKY* ano JULIAN M. STURTEVANT 


(From the Naval Medical Research Institute, Bethesda, Maryland, and the Sterling 
Chemistry Laboratory,t Yale University, New Haven, Connecticut) 


(Received for publication, April 14, 1955) 


The energetics of ATP! hydrolysis to ADP and P have been studied pre- 
viously by combining either thermal (1, 2) or free energy (3-6) data for a 
number of chemical reactions according to the usual procedures of chemical 
thermodynamics. Such calculations, however, suffer from the fact that 
the uncertainties in each measurement are compounded in the final result. 
The ATPase properties of myosin offer a more direct method for measure- 
ment of the enthalpy change on hydrolysis of ATP. In the present paper 
we submit measurements which, together with data on the heat of neutrali- 
zation of the buffer system employed, show that the heat evolved during 
hydrolysis of ATP is approximately half the value 12 kilocalories per mole 
which has been hitherto accepted. 


Materials and Methods 


Myosin, used to catalyze the hydrolysis of the ATP, was prepared from 
rabbit muscle according to a slight modification of the procedure of Weber 
and Edsall (7). The preparation used for these measurements was precipi- 
tated at least four times. Further precipitation did not affect the thermo- 
chemical results. With ATP as the substrate, the only reaction catalyzed 
by this preparation was the hydrolysis of the terminal phosphate group. 
The ATP was supplied as the sodium salt by the Pabst Laboratories and 
was used without further purification, since results of kinetic studies with 
this material after treatment with Dowex 1 ion exchange resin according to 
the procedure of Cohn and Carter (8) were indistinguishable from those 
with untreated preparations. 

Orthophosphate was determined according to the method of Fiske and 
Subbarow (9). The uncertainty in this measurement has been estimated 


* Present address, Department of Physiology, University College, London, Eng- 
land. 

t Contribution No. 1284. 

1 The following abbreviations are used: ATP for adenosine triphosphate, ADP for 
adenosine diphosphate, P for orthophosphate, Tris for tris(hydroxymethyl)amino- 
methane, and EDTA for ethylenediaminetetraacetate. 
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to be approximately 2 per cent, corresponding to an uncertainty of 0.3 kilo- | 


calorie per mole in the observed heat of reaction. 

The calorimetric apparatus and method have been described in detail 
elsewhere (10). To each of the twin calorimeters were charged equal vol- 
umes (13.0 ml.) of approximately 0.32 mm ATP and 0.05 to 0.10 per cent 
myosin, both in 0.60 m KCl, 0.10 m Tris, and 0.001 m CaCle. The pH was 
8.00 + 0.02 and the temperature was 25.00° + 0.01°. After thermal 
equilibration (approximately 15 hours), the reaction was initiated in one 
calorimeter, the other serving as thermal tare. When the process in the 
first calorimeter was complete, the reaction was initiated in the second 
calorimeter, and the first served as tare. Aliquots from each calorimeter 
were removed for the orthophosphate assay. 


RESULTS AND DISCUSSION 


The heat evolution during the hydrolysis was found to follow accurately 
zero order kinetics to more than 50 per cent completion. In a few experi- 
ments EDTA was added to a concentration of 0.5 mm, and in these cases 
the zero order portion of reaction was longer than in the absence of EDTA. 
For example, Run 1A (Table I), in which EDTA was present, followed zero 
order kinetics to approximately 80 per cent completion, while Run 1B devi- 
ated from zero order after 60 per cent completion. 

The data for four pairs of runs are listed in Table I. For each pair, the 
reaction run first is listed first. Although the heat liberated during the 
first run of a pair appears to be slightly less than that liberated in the second 
run, the difference is within the statistical variance. The presence 
of EDTA had no effect on the heat liberated. 

The values for the observed heat of hydrolysis listed in the last column 
of Table I are obtained by dividing the figures in the third column by those 
in the second column. To the mean value, —15.9 kilocalories per mole, is 
assigned an uncertainty of +0.6 which includes the estimated uncertainty 
in the phosphate determinations. 

Two reactions contribute to the over-all heat effect, AHovs.. The first 
is the hydrolysis of the substrate, 


ATP + H:0 = ADP + P + ¢xH* (1) 
where ATP, ADP, and P refer to the ionic species present at the pH of the 
experiment, and ¢y is the number of protons produced per mole of ATP 
hydrolyzed. The second reaction results from the fact that the pH is main- 


tained essentially constant by a large excess of buffer; therefore, per mole 
of protons produced in the first reaction, 


Tris + H+ = TrisH+ (2) 
If AH and AH, are the enthalpy changes for Reactions 1 and 2, respectively, 
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then 
AH ws. = SH + (3) 


Measurements of the dissociation constants of ATP*-, ADP?-, and P- in 
0.15 mM KCl by Alberty, Smith, and Bock (11) indicate that, at pH 8.00, 
du = 0.97. Essentially the same value was found by Green and Mom- 
maerts (12) in 0.15 m KCl at pH 8.00 by compensatory titration of the un- 
buffered ATP-myosin system. We will assume this value for dy in 0.6 m 
KCl. 

The value of AH, has been found (13) to be —10.9 + 0.1 kilocalories per 
mole at low ionic strength. Since there is no charge separation involved in 


TABLE I 
Observed Heat of Hydrolysis of Adenosine Triphosphate 
KCl 0.60 m, Tris 0.10 m, CaCl, 0.001 m; pH 8.00; 25°. 


eo Run No. Orthophosphate liberated | Observed heat evolution ° —AH obs. 
aoa pmoles millicalories kilocalories per mole 
1A* 4.06 62.6 15.4 
1B 3.90 63.6 16.3 
2B 3.92 59.2 15.1 
2A* 4.01 62.0 15.5 
3AT 3.90 64.8 16.6 
3Bt 3.79 65.3 17.2 
4B*t 4.08 60.6 14.9 
4AT 3.92 63.2 16.1 


* Contained 0.5 mm EDTA. 
t Myosin preparation precipitated five times. 


Reaction 2, it is probably safe to assume that this value holds in 0.6 m KCI. 
On this basis, we find for AH the value —5.3 kilocalories per mole. The 
uncertainty in this quantity is probably somewhat larger than +0.6 kilo- 
calorie per mole because of the uncertainty in ¢q. 

The titration data of Alberty, Smith, and Bock (11) at 25° and 38° indi- 
cate that the heats of ionization of ADP?- and ATP* are very small, and 
that at pH 8.00 the predominating forms of ADP and ATP carry, respec- 
tively, three and four negative charges. Therefore AH can be assigned to 
the reaction 


ATP* + H.O = ADP* + P? + Ht; AH = —5.3 kilocalories per mole (4) 


in 0.6 mM KCl and 0.001 m CaClz. This value is smaller by a factor of ap- 
proximately 2 than the commonly accepted value of 12 kilocalories per mole 
(1,2). It is unlikely that any interaction (such as a specific buffer effect, 
calcium binding, or a non-specific enzyme interaction with reactants or 
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products) not explicitly included in Reactions 1 and 2 could materially alter 
this value of AH. 

It is interesting to note that the enthalpy changes accompanying the 
hydrolysis of other polyphosphates are of the same order as that presented 
here for ATP. The hydrolysis of both inorganic pyrophosphate (14) and 
trimetaphosphate (15) is accompanied by enthalpy changes of —5 to —6 
kilocalories per mole of phosphoric anhydride linkage hydrolyzed. The 
low value of AH for the dephosphorylation of ATP which we have found 
is consistent with the recent downward revisions of —AF°® for this reaction, 
leading to values as low as 7 kilocalories per mole (6, 16, 17). 


The authors are indebted to Dr. Manuel F. Morales for suggesting the 
measurement of AH for the ATP hydrolysis with purified myosin as the 
catalyst. This work was aided by a fellowship from The National Founda- 
tion for Infantile Paralysis (R. J. P.) and by a grant from the National 
Science Foundation (J. M. S.). 


SUMMARY 


In the presence of 0.6 m KCI, 0.1 m Tris, and 0.001 m CaCl, at pH 8.00 
and 25°, the observed enthalpy change accompanying the hydrolysis of 
ATP to ADP is —15.9 + 0.6 kilocalories per mole. When this value is 
corrected for the reaction of the liberated proton with the buffer, there is 
obtained for the reaction 


ATP* + H.O = ADP* + P? + Ht 
the value AH = —5.3 kilocalories per mole. 
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THE OXIDATION OF L-ARABINOSE BY PSEUDOMONAS 
SACCHAROPHILA* 


By R. WEIMBERG ann MICHAEL DOUDOROFF 
(From the Department of Bacteriology, University of California, Berkeley, California) 


(Received for publication, April 18, 1955) 


The importance of the pentoses in the physiology of plants and animals 
has been known since ribose and deoxyribose were identified as constit- 
uents of nucleic acids. Interest in pentose metabolism has been stimu- 
lated in the past few years by the discovery that ribose-5-phosphate and 
ribulose-5-phosphate were integrant parts of the oxidative breakdown of 
glucose (1). The subject of pentose and pentose phosphate metabolism 
has been reviewed by Lampen (2) and Horecker (3). It has recently been 
found that the pentose, ribulose-1 ,5-diphosphate, may play a fundamen- 
tal rdle in the process of photosynthesis (4). 

A study of pentose metabolism in Pseudomonas saccharophila was under- 
taken as a result of the discovery that glucose is metabolized in this or- 
ganism by a mechanism involving neither the Emden-Meyerhof scheme 
nor the pentose phosphates (5). Preliminary studies revealed that the 
oxidation of L-arabinose by this organism is strikingly different from that 
of glucose. In the experiments to be reported, it has been shown that this 
pentose can be converted to a-ketoglutarate by a series of reactions which 
appear to involve neither phosphorylated intermediates nor the tricarbox- 
ylic acid cycle. 


Methods! 


Cells of P. saccharophila were grown on a liquid mineral medium de- 
scribed previously (6) with L-arabinose as the sole carbon source. Rest- 
ing cell suspensions were prepared by centrifuging liquid cultures inocu- 
lated 18 to 24 hours previously, washing the cells twice, and resuspending 
them in 0.033 m phosphate buffer at pH 6.8. Oxygen consumption and 
CO, evolution were determined with the Warburg respirometer (7). 

Enzyme preparations were obtained either by grinding centrifuged cells 


* These studies were initiated under a contract between the Office of Naval Re- 
search, Department of the Navy, and the Regents of the University of California 
and continued with the aid of a grant from the National Science Foundation. A 
preliminary report of this work has been presented (Federation Proc., 14, 302 (1955) ). 

‘The following abbreviations are used: DPN, diphosphopyridine nucleotide; 
DPNH, reduced diphosphopyridine nucleotide; TPN, triphosphopyridine nucleo- 
tide; Tris, tris(hydroxymethyl)aminomethane-HCl buffer; SAS, saturated solution 
of ammonium sulfate. 
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with levigated alumina (8) or by sonic oscillation (9). The cells for en- 
zyme preparations were grown in 15 liter volumes, harvested in a Sharples 
supercentrifuge, and stored at —20° until used. For grinding, the cells 
were thawed and placed in a mortar previously chilled to approximately 
0°. The alumina was then added in an amount that was 3 times the weight 
of the cells. After grinding for 10 minutes, the protein was eluted by 
gradually adding 3 parts of 0.01 m Tris, pH 8.0. For sonic oscillation, the 
centrifuged cells were suspended in 3 parts of the above buffer, placed in 
the cup of a Raytheon magnostriction oscillator, 50 watts, 9 ke., model 
S-102A, and vibrated for 10 minutes while iced water was run through the 
cooling system. Insoluble materials were removed from the enzyme so- 
lution prepared by either method by centrifuging in the International re- 
frigerated centrifuge, model PR-1, at 23,000 « g for 20 minutes at 0°. 
Both methods produced enzyme preparations of approximately equal ac- 
tivity. The L-arabinose dehydrogenase was stable and could be stored at 
least 2 weeks at —20°. The enzyme system oxidizing L-arabonate was 
unstable and was, therefore, used the same day it was prepared. 

Pentose was determined with Bial’s color reagent (10). Pyruvie acid 
and a-ketoglutaric acid were determined colorimetrically (11) or by ceric 
sulfate decarboxylation (12). Succinic acid was determined enzymati- 
cally with succinic oxidase (7). DPN and TPN reduction was measured 
at 340 my in the Beckman quartz spectrophotometer, model DU, equipped 
with a constant temperature chamber. Silica glass cells with a 1 cm. light 
path, holding a volume of over 3 ml., were used in all assays. Lactone was 
measured by the method of Hestrin (13) with L-arabono-y-lactone as the 
standard. Optical rotations were measured in a polariscope at room tem- 
perature with a sodium lamp as a light source. The polariscope tube had 
a 10 cm. light path and held a volume of 1.6 ml. 

Radioactivity was determined by drying the samples on copper plan- 
chets and counting in a thin window Geiger-Miiller counting tube. Decar- 
boxylation of radioactive keto acids with ceric sulfate and the preparation 
of the resulting CO, for counting were performed as described previously 
(14). 

The 2,4-dinitrophenylhydrazones of the keto acids were prepared for 
chromatography as described by Cavallini et al. (15). The free keto acids 
were prepared for chromatography by treating a reaction mixture with 
Dowex 50 in the acid form to remove cations. The Dowex 50 and dena- 
tured protein were removed by centrifugation and aliquots of the super- 
natant solution were applied to the paper. 

Radial or ‘‘pie plate’? chromatography was used for the identification of 
compounds (16). The solvent used for chromatographing the phenylhy- 
drazones was n-butanol equilibrated with 3 per cent ammonium hydroxide 
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(17). The spots were yellow, but greater differentiation of 2 ,4-dinitro- 
phenylhydrazones could be obtained by spraying the sheet with an alco- 
holic solution of 0.56 N NaOH. The 2,4-dinitrophenylhydrazone of pyru- 
vate appeared dark brown, that of glyoxylate had a brick-red color, and 
the a-ketoglutarate derivative appeared olive-drab. The solvent for the 
chromatographic separation of the free keto acids was a mixture of 70 per 
cent ether and 30 per cent benzene, made 3 m with formic acid and then 
saturated with water (18). The acids were detected by spraying the sheet 
with brom thymol blue indicator (19). 

Ascending chromatography was used for the isolation of radioactive a- 
ketoglutarate. The reaction mixture, containing from 5 to 10 umoles of 
the acid and treated with Dowex 50 to remove cations, was chromato- 
graphed in one dimension with the ether-benzene-formic acid-water mix- 
ture described above. The acid was located with brom thymol blue indi- 
cator and eluted with water. The amount of keto acid in the eluate was 
determined, and a known volume was applied to a planchet for radioac- 
tivity assay. 

L-Arabinose-1-C™ and L-arabonate-1-C' were obtained as a gift from 
Dr. A. C. Neish. Totally labeled L-arabinose was generously supplied by 
Dr. W. Z. Hassid. Potassium L-arabonate, potassium D-arabonate, po- 
tassium D-galactonate, and totally labeled potassium L-arabonate were pre- 
pared by the oxidation of the corresponding sugars with hypoiodite (20). 
t-Arabono-y-lactone was prepared as described by Isbell and Frush (21). 
Sodium glyoxylate was prepared by the method of Weissbach and Sprin- 
son (22). Glutaconic acid and L-a-hydroxyglutaric acid were gifts from 
Dr. M. Rothstein. v-Xylose-1-phosphate was obtained from Dr. W. Z. 
Hassid. pu-Glyceraldehyde-3-phosphate was obtained from Dr. H. O. L. 
Fischer. All other chemicals were commercial preparations. 

The crude enzyme was fractionated in the following manner to separate 
the L-arabinose dehydrogenase from the system oxidizing L-arabonate. 
The extract, in 0.01 m Tris, pH 8.0, was treated with 0.33 volume of SAS. 
The precipitate was removed by centrifugation and discarded. Then 3.67 
volumes of SAS were added to the supernatant solution. The precipitate 
was collected and dissolved in enough 0.01 m phosphate buffer, pH 6.0, to 
give a 1 per cent protein solution. To this was added 0.1 volume of 2 per 
cent solution of protamine sulfate (Lilly) adjusted to pH 5.0 with acetic 
acid. The precipitate was discarded and the protein in the supernatant 
solution was precipitated by adding 4 volumes of SAS. The precipitate 
was dissolved in 0.01 m Tris, pH 8.0, and made up to the original volume 
of the crude enzyme. This solution was treated with 0.5 volume of SAS. 
The precipitate was removed by centrifugation, and 0.5 volume of SAS was 
added to the supernatant solution. The resulting precipitate was col- 
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lected. The two precipitates were each dissolved in one-third the original 
volume in 0.01 m Tris, pH 8.0. The lower fraction contained 10 per cent 
of the original protein, approximately 80 per cent of the L-arabinose dehy- 
drogenase, and no activity toward L-arabonate as measured by DPN re- 
duction at 340 mp. The fraction precipitating between 0.5 and 1.0 volume 
of SAS contained the remainder of the activity toward L-arabinose and all 
of the activity toward L-arabonate. 

Acetone-dried cells of Clostridium kluyvert (kindly supplied by Dr. H. A. 
Barker) were used as a DPNH oxidase in the first manometric studies on 
the oxidation of L-arabinose. Later, a supply of a partially purified DPNH 
oxidase present in the particulate fraction of a cell-free preparation from 
Azotobacter vinelandii was obtained through the generosity of Dr. A. J. 
Marr. This particulate fraction (which also contains catalase) was used 
in all subsequent manometric experiments. 


EXPERIMENTAL 
Experiments with Resting Cell Suspensions 


Resting cell suspensions of P. saccharophila grown with L-arabinose as 
substrate oxidized L-arabinose, sodium pyruvate, and sodium acetate rap- 
idly. Also oxidized, but at a considerably lower rate, were D-galactose 
and the salts of citric, succinic, malic, fumaric, and a-ketoglutaric acids. 
There was no increased rate of oxygen uptake above endogenous with p- 
glucose, D-arabinose, D-xylose, L-xylose, D-ribose, sucrose, and the salts of 
gluconic, 2-ketogluconic, L-arabonic, and p-arabonie acids. Approxi- 
mately 60 per cent of the L-arabinose was oxidized having a respiratory 
quotient of 1.07, the rest being assimilated by the cells. When the cells 
oxidized L-arabinose-1-C"™, practically all of the radioactivity (97 per cent) 
was found in the COs. Resting cell suspensions, poisoned with 3 X 107 
M iodoacetate, consumed 2.5 moles of oxygen per mole of substrate and pro- 
duced 2.2 moles of CO2 and 0.9 mole of pyruvic acid.?,_ With L-arabinose- 
1-C™ as substrate, 95 per cent of the radioactivity appeared in the COs. 


2 Pyruvic acid and a-ketoglutaric acid were identified chromatographically as the 
2,4-dinitrophenylhydrazones and by the melting points of these same derivatives. 
The melting point of the derivative prepared from the reaction mixture poisoned 
with iodoacetate was 221-223°. When the substance was mixed with the 2,4-dinitro- 
phenylhydrazone of pyruvic acid, the melting point was 222-224°. The melting 
point of the derivative of pyruvic acid was 222-224°. The melting point of the 2,4- 
dinitrophenylhydrazone prepared from the reaction mixture poisoned by the arsenite 
was 227-229°. The melting point of the 2,4-dinitrophenylhydrazone of a-ketoglu- 
taric acid was 228-229°. A mixture of the two melted at 227-229°. All melting points 
are uncorrected. The keto acid formed in crude enzyme preparations from L-arab- 
onate formed a derivative with 2,4-dinitrophenylhydrazine which was identical in 
behavior with the derivative of the compound formed by arsenite-poisoned cells. 
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When the cells were poisoned with 0.01 M arsenite, the respiratory quotient 
was 0.12, and a keto acid accumulated which was later identified as a-keto- 
glutaric acid.2, As much as 90 per cent of the pentose disappearing could 
be accounted for as this compound. 

The ability of the cells to fix CO. was determined. 3 ml. of cells, poi- 
soned with either 0.01 Mm arsenite or 3 XK 10-4 m iodoacetate, were placed in 
a 10 ml. test-tube, and the tube was closed with a serum bottle stopper. 
The atmosphere within the test-tube was replaced with one composed of 
60 per cent oxygen and 40 per cent nitrogen. By means of a syringe and 
hypodermic needle, 80 umoles of L-arabinose and 18 wmoles of Na2CO3 (3.5 
Xx 10‘ c.p.m. per umole) were added to the poisoned cells to give a final 
liquid volume of 4.0 ml. The reaction mixture was incubated with shaking 
at 30° for 4 hours. The reaction was stopped by adding sulfuric acid to 
give a final concentration of approximately 1 nN. The keto acids were iso- 
lated from the acidified supernatant fluid by continuous ether extraction 
for 24 hours. It was found that 65.5 umoles of keto acid had been formed 
in the arsenite-poisoned system and 62.3 umoles in the iodoacetate-poisoned 
system. The specific activities were 84.4 and 162 c.p.m. per umole, respec- 
tively. In both cases ceric sulfate degradation of the keto acids showed 
that all the activity was located in the carboxyl carbon adjacent to the car- 
bony! group. 

The above experiments demonstrate that intact cells can fix CO, into 
the carboxyl groups of pyruvic and a-ketoglutaric acids. Calculations 
based on the CO: production in the presence of iodoacetate showed that 
the carboxyl! group of pyruvic acid was equilibrated to an extent of approxi- 
mately 6.0 per cent with the labeled COz present at the end of the experi- 
ment. However, the carboxyl group of a-ketoglutarate formed in the pres- 
ence of arsenite was equilibrated to an extent of about 1.2 per cent. This 
suggests that CO, is not an intermediate in the major pathway of synthe- 
sis of either pyruvate or a-ketoglutarate from arabinose, a conclusion 
which was supported by further experiments with cell-free preparations. 


Experiments with Enzyme Preparations 


Oxidation of L-Arabinose—Cell-free preparations, made either by grind- 
ing with levigated alumina or by sonic oscillation, reduced DPN but not 
TPN with L-arabinose as substrate. Addition of TPN, diphosphothia- 
mine, and uridine triphosphate had no effect upon the rate of reduction, 
while adenosine triphosphate caused a decrease in the rate. The rate of 
reduction of DPN increased with increasing pH up to pH 12. At pH 13 
the reaction was completely inhibited. 

When 0.1 ml. of crude cell-free extract in 0.01 m phosphate buffer at pH 
7.6 was mixed with 0.1 ml. of 0.1 m MgCl, 0.2 ml. of 0.001 m DPN, 0.1 ml. 
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of 0.1 mM substrate, and 2.5 ml. of 0.1 mM phosphate buffer at pH 7.6 or 0.1 m 
Tris, pH 8.0, only L-arabinose, L-arabonate, p-galactose, p-glucose-6-phos- 
phate, and p-fructose-6-phosphate served as substrates for DPN reduc- 
tion. The following compounds did not reduce DPN at a demonstrable 
rate under these conditions: D-arabinose, D-xylose, L-xylose, b-ribose, 
p-glucose, D-fructose, D-arabonate, D-glucose-l-phosphate, p-fructose-1- 
phosphate, pD-xylose-1-phosphate, p-fructose-1 ,6-diphosphate, pDL-glycer- 
aldehyde-3-phosphate, pyruvate, a-ketoglutarate, isocitrate, citrate, cis- 
aconitate, glyoxylate, pb-galacturonate, p-galactonate, glutaconate, and 
L-a-hydroxyglutarate. puL-Glyceraldehyde phosphate could not serve as 
a substrate even under the conditions described for triosephosphate de- 
hydrogenase (23). 

Attempts to demonstrate an arabokinase or a pentose isomerase were 
unsuccessful. 

The crude enzyme preparations were erratic in their ability to reduce 
methylene blue. Therefore, manometric measurements were made by cou- 
pling DPN reduction to oxygen by means of acetone-dried cells of C. kluy- 
vert. It was found that approximately 0.5 mole of oxygen was consumed 
per mole of substrate (Table 1). The respiratory quotient in this experi- 
ment was 0.1. Acid production accompanied the oxidation, and the values 
for oxygen uptake and the respiratory quotient suggested arabonic acid as 
the probable product of the reaction. L-Arabonic acid is also oxidized by 
crude preparations, but under different conditions. The oxidation of L- 
arabonic acid will be discussed in a later section. The oxidation was next 
carried out with larger amounts of substrate by coupling the oxidation of 
L-arabinose by DPN to the reduction of acetaldehyde with crystalline al- 
cohol dehydrogenase. The reaction was followed by the amount of base 
required to neutralize the acid formed. When acid production stopped, 
the reaction mixture was deproteinized by adding Dowex 50, which also 
removed the cations. The supernatant fluid was neutralized with potas- 
sium hydroxide and concentrated 5-fold in vacuo. Upon addition of 4 vol- 
umes of 95 per cent ethyl alcohol, crystals formed. The precipitate was 
collected, recrystallized, and identified as potassium L-arabonate.’ 

A hydroxamic acid accumulated in reaction mixtures in which hydroxyl- 
amine was included as a trapping agent. With crude enzyme at pH 8.0 and 
a concentration of 0.1 m NH.OH (adjusted to pH 8.0), 100 umoles of L- 
arabinose, DPN, and a purified DPNH oxidase from A. vinelandii, it was 
found that 78 wmoles of pentose were oxidized in 2 hours and 23.7 umoles 


3 The melting point of the benzimidazole derivative of the enzymatically produced 
compound was 242-243°. The benzimidazole of L-arabonate melted at 241-242’. 
A mixture melted at 240-242°. All melting points are uncorrected. The rotation 
({la]”) was +49.0° The specific rotation listed by Moore and Link (20) is +49.2°. 
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of lactone were trapped. Higher concentrations of hydroxylamine could 
not be used, since it inhibited oxygen consumption. Under the same con- 
ditions with L-arabonate as substrate, there were no oxygen consumption 
and no lactone formation. 

The enzyme catalyzing the oxidation of L-arabinose, which will be re- 
ferred to as “‘L-arabinose dehydrogenase” was partially purified by the 
procedure described under ‘“‘Methods.”’ This enzyme was specific for DPN. 
When the oxidation of L-arabinose with L-arabinose dehydrogenase was 
coupled with oxygen reduction through DPNH oxidase, in the presence of 


TABLE I 
Oxidation of L-Arabinose and L-Arabonate by Crude Enzyme Preparations 
Oxygen consumption (in micromoles) was measured in a Warburg respirometer 
at 30°. 


Experiment A, * Experiment B, 
L-arabinose, L-arabonate, 
20 umoles, added 10 umoles, added 


‘¢ minus substrate................ 0.1 0.3 
 DPNH oxidase.......... 0.2 0.3 


In Experiment A, the main chamber of the Warburg vessel contained 0.5 ml. of en- 
zyme (aged 3 days at 0°) in 0.01 m Tris, pH 8.0; 0.2 ml. of a 20 per cent suspension 
of acetone-dried cells of C. kluyvert in 0.01 m Tris, pH 8.0; 0.1 ml. of 0.001 m DPN; 
1.0 ml. of 0.1 m phosphate buffer, pH 8.0; in the side arm, 0.2 ml. of 0.1 M L-arabinose; 
center well, 0.2 ml. of 10 per cent KOH. 

In Experiment B, the main chamber contained 0.5 ml. of freshly prepared en- 
zyme in 0.01 m Tris, pH 8.0; 0.1 ml. of 0.1 M potassium L-arabonate; 1.5 ml. of 0.1 m 
Tris, pH 8.0; in the side arm, 0.1 ml. of 0.005 m DPN; 0.1 ml. of 10 per cent suspen- 
sion of DPNH oxidase from A. vinelandii; center well, 0.2 ml. of 10 per cent KOH. 


hydroxylamine and at pH 8.0, 63.5 umoles of hydroxamic acid were formed 
during the oxidation of 82 umoles of substrate. At pH 7.0, a very consid- 
erable accumulation of lactone was observed in the absence of hydroxy]- 
amine. This made it possible to determine the structure of the lactone by 
computing its molecular rotation, which could be calculated either from 
the total rotation coupled with a chemical analysis of the reaction mixture, 
or from the change in optical rotation brought about by the partial alkaline 
hydrolysis of the lactone. An outline of the procedure and the calcula- 
tions are reported in Fable II. The computed rotation of the lactone was 
found to be very close to — 10,600, which is the reported value for L-arab- 
ono-y-lactone (24). The 6-lactone, which is believed to be produced on 
bromine oxidation, is dextrorotatory (25). 
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TABLE II 
Molecular Rotation of Lactone Produced Enzymatically in Oxidation of L-Arabinose 


| | ; | 
| | | 


Before incubation (a) L-Arabinose added, wmoles per ml. 67 100 
After incubation (6) L-Arabinose remaining, wmoles per 0 | 21.6 
| ml. | | 
u-Arabonolactone, wmoles perml. 34.8 
_(d) u-Arabonic acid, ymoles per ml.* 32.2. 26.8 
Optical rotation of reaction mix- —0.40  —0.26 
| ture, degreest | | 
After alkali treat-  (f) L-Arabonolactone, uwmoles per ml. | | WA 
mentt w-Arabonie acid, wmoles per ml.* | 61.1 | 55.8 
Optical rotation, degreest | —0.11  +0.02 
Calculations | Optical rotation due to L-arabinose | —0.05 +0.29 
| and L-arabonic acid after incubation | | 
[(b)(+15,700) + (d)(—1630)] (10-8), | 
degrees | | 
Optical rotation due to L-arabono- —0.35 —0.55 
| 
| 


| lactone (e — 7) 
_(k) Change in rotation due to alkali +0.29 +0.28 
| treatment (h — e) | 
Change in optical rotation due to —0.05 —0.05 
increase in arabonic acid (g — d) | | 
| (— 1630) (10~§) | | 
_(m) Change in rotation due to decrease  +0.34 +0.33 
| in L-arabonolactone (k — 1) | | 
—(n) Molecular rotation of L-arabonolac- | —10,100 —10,700 
tone computed from data before al-_ | 
kali treatment (j/c) (10°) | | 
(0) Molecular rotation of L-arabonolac- —11,700 —11,400 
tone computed from data obtained | 
after alkali treatment (m/f — c) (105) 


1.0 ml. of a partially purified preparation of L-arabinose dehydrogenase in 0.01 m 
Tris, pH 8.0, was mixed with 0.6 ml. of 0.01 m DPN, 0.6 ml. of DPNH oxidase (10 
per cent suspension), 0.2 ml. of L-arabinose solution of the desired concentration, 
and 3.6 ml. of 0.5 m phosphate buffer, pH 7.0. In Experiment 1, the reaction mixture 
was incubated in a respirometer vessel at 30° for 3.5 hours, when oxygen consump- 
tion ceased. The particulate oxidase was removed by centrifuging for 20 minutes 
at 23,000 X g at 0°. In Experiment 2, the reaction was stopped after 4.5 hours of 
incubation (before oxygen consumption had ceased) by removing the oxidase by 
centrifugation. The optical rotation of the supernatant fluids was measured and, 
at the same time, the concentration of pentose and lactone was determined. Then, 
a small amount of NaOH was added to the reaction mixtures to raise the pH to ap- 
proximately 13.0. After 10 minutes at room temperature, the solutions were care- 
fully neutralized with HCl. Determinations of lactone and optical rotation were 
again made simultaneously. In a control experiment, in which the substrate had 
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been omitted, the optical rotation of the reaction mixture was the same before and 
after alkali treatment. 

* Calculated by assuming that all the initially added substrate unaccounted for 
as unchanged pentose and lactone after incubation was the free acid [a — (6 + c)] = 
free acid. 3 

+ Corrected for control without substrate (—0.06°). 

ft All values corrected for dilution during alkali treatment to correspond to 
original volumes. 


Crude extracts of cells were found to be capable of enzymatically catalyz- 
ing the delactonization of L-arabono-y-lactone. When 1.0 ml. of a 0.02 
mM solution of L-arabono-é-lactone, produced either chemically or enzy- 
matically, was incubated at 30° with 0.1 ml. of a freshly prepared crude en- 
zyme preparation at pH 7.0, 35 to 38 per cent of the lactone disappeared 
in2 hours. However, when the lactone was mixed with buffer at pH 7.0 or 
with boiled enzyme, only 8 per cent disappeared in 2 hours. Under the 
same conditions at pH 8.0, almost 100 per cent of the lactone was hydro- 
lyzed enzymatically in 1 hour, while 40 per cent was hydrolyzed in buffer 
in the same time. The product of the reaction appears to be L-arabonic 
acid, since boiling the incubated mixtures for 5 minutes in 1 N HCl gave 
an almost quantitative recovery of lactone. The lactone present before 
enzymatic treatment and that formed by boiling in HCl] had the same Ry, 
when chromatographed in a solvent composed of 95 per cent butanol, sat- 
urated with water, and 5 per cent formic acid. 

Oxidation of u-Arabonic Acid—Since t-arabonate had been shown pre- 
viously to be oxidized by cell-free preparations as measured by DPN re- 
duction, the reason for its accumulation when large amounts of L-arabi- 
nose were used as substrate was investigated. It was found that the crude 
enzyme, warmed to 30° in the absence of substrate, became inactive to- 
ward L-arabonate within 5 minutes. However, when L-arabonate was 
added to the enzyme at 0° and the mixture was allowed to come to 30°, 
the rate of loss of enzymatic activity was greatly diminished. Glutathi- 
one and MgCl, did not protect the enzyme at 30° either with or without 
substrate. 

The optimal pH for the oxidation of L-arabonate as determined from 
the rate of DPN reduction was about 8.0. The reaction was inhibited by 
0.003 m hydroxylamine or 0.001 m ethylenediaminetetraacetic acid. The 
effect of the latter could be counteracted with magnesium ion. The rate 
of reduction was slightly decreased in the presence of 0.01 mM arsenite, but 
was completely unaffected by 0.002 m iodoacetate. The use of 0.1 mM pyro- 
phosphate or 0.1 m borate as buffer at pH 9.0 completely inhibited the re- 
duction. 
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While the enzyme system oxidizing L-arabinose could use only DPN as 
the hydrogen acceptor, the system oxidizing L-arabonate could reduce 
either DPN or TPN. TPN was reduced at a greater rate than DPN. 
Adenosine triphosphate and diphosphothiamine had no effect upon the 
rate of reduction. Crude preparations were inactivated by dialysis for 24 
hours against 0.01 m Tris at pH 8.0 and could not be reactivated with gluta- 
thione, MgCl, the supernatant fluid from a boiled enzyme preparation, 
or any combination of the three. 

No evidence for the phosphorylation of L-arabonate could be found when 
disappearance of 7 minute-hydrolyzable phosphate was used as a criterion 
for the transphosphorylation from ATP. 

Manometric studies were carried out by coupling the oxidation of L-arab- 
onate to oxygen through the DPNH oxidase of A. vinelandii. If the sub- 
strate and enzyme were mixed in the main compartment of a Warburg 
flask while the enzyme was cold, activity could be maintained long enough 
to attach the flask to a manometer, permit temperature equilibration for 
5 minutes, and then add DPN and DPNH oxidase from the side arm. 
The reaction must be over in 60 minutes or less because the system be- 
comes inactivated in that length of time. t-Arabonate was found to be 
oxidized, with the uptake of 0.5 mole of oxygen per mole of substrate (Table 
I). The keto acid produced by this reaction was identified as a-ketoglu- 
taric acid by chromatographing the free acid and by chromatography and 
melting point determinations of the 2,4-dinitrophenylhydrazone.? As 
further proof, the keto acid was decarboxylated with ceric sulfate and the 
resulting succinic acid quantitatively identified by using succinic oxidase 
(Table III). By following the same precautions for the oxidation of L- 
arabinose as just described for L-arabonate, L-arabinose was also shown to 
be quantitatively converted to a-ketoglutarate (Table III).. 

From the curves obtained by measuring DPN reduction with L-arabo- 
nate as the substrate, it appeared that L-arabonate was not the immediate 
substrate for the oxidative step. When DPN and substrate were added 
at the same time to a cuvette containing buffer and enzyme, there was a 
lag before any reduction could be detected (Fig. 1, Curve A). By increas- 
ing the amount of substrate added initially, the lag could be somewhat 
shortened. Under conditions in which enough substrate was added to re- 
duce all the DPN in 15 minutes, it was observed that the rate of reduction 
increased continuously until all the DPN had been reduced. With L-arab- 
ono-y-lactone as substrate, the lag period was considerably lengthened, 
indicating that the lactone had to be hydrolyzed to the acid before being 
further metabolized (Fig. 1, Curve E). 

If t-arabonate and enzyme were incubated together in a cuvette before 
the addition of DPN, there was no lag in reduction when coenzyme was 
added. Instead, there was an initial high rate of reduction which gradu- 
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ally decreased (Fig. 1, Curves B and C). The amount of the material 
which caused the rapid reduction of DPN in a reaction mixture was roughly 


TaBLe III 


Quantitative Estimation of a-Ketoglutaric Acid Produced in Oxidation of L-Arabinose 
and Potassium Lt-Arabonate with Crude Enzyme 


--- — 


a-Ketoglutaric acid produced 
Substrate Substrate Acid | Ceric sulfate decarboxylation 
' Colorimetric 
determination | CO2 | Succinic acid 
| produced | produce 
pmoles ped. umoles umoles | umoles 
t-Arabinose............ 500 926 | 420 | 470 | 302 
u-Arabonate........... 500 | 495 502 500 | 445 


1.0 ml. of enzyme in 0.01 m Tris, pH 8.0, was mixed with 1.0 ml. of 0.005 m DPN, 
0.5 ml. of 10 per cent suspension of DPNH oxidase from A. vinelandii, 1.0 ml. of 0.5 
u substrate, and 6.5 ml. of 0.2m Tris, pH 8.0. The reaction mixture was incubated 
aerobically with shaking at 30° until keto acid production had stopped. 


1200 
1000 
= 0800 
Ww 
¢ 
0600 
4 
0400 
0200} 
15 
Minutes 


Fic. 1. Enzymatic DPN reduction with potassium L-arabonate and L-arabono-y- 
lactone. 0.5 ml. of enzyme in 0.01 m Tris, pH 8.0, was mixed with 13.0 ml. of 0.1m 
Tris, pH 8.0, and 1.0 ml. of 0.01 m potassium L-arabonate and incubated at 30°. After 
various time intervals, 2.9 ml. aliquots were placed in a cuvette, and 0.1 ml. of 0.01 m 
DPN was added and the reduction of DPN measured. The preincubation periods 
were as follows: Curve A, 0 time; Curve B, 15 minutes; Curve C, 45 minutes; Curve 
D, 120 minutes; Curve EK, same as Curve A except that the substrate was L-arabono- 
/-lactone. 


proportional to the length of the preincubation period provided this was 
not too long. With prolonged preincubation, it appeared that this com- 
pound (or compounds) was destroyed (Fig. 1, Curve D). 
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All attempts to accumulate or identify the rapidly oxidized compound or 
compounds have been unsuccessful to date. The substrate for the dehy- 
drogenation is apparently extremely labile, since it disappears on prolonged 
incubation of L-arabonate and enzyme and is destroyed by such deprotein- 
izing agents as boiling, the addition of methanol or of perchloric, trichloro- 
acetic, or mineral acid, or the treatment of the reaction mixture with Dowex 
50 in the cold. 

In order to gain an insight into the mechanism of the oxidation of L- 
arabonate to a-ketoglutarate, experiments with radioactive substrates 
were undertaken. The crude enzyme, with DPNH oxidase, was allowed 
to oxidize L-arabonate-1-C' for 2 hours. The reaction was stopped by 
adding sulfuric acid to give a final concentration of about 1 N, and the 
proteins were removed by centrifugation. The supernatant fluid was 
continuously extracted with ether for 24 hours. The a-ketoglutaric acid 
in the ether extract was then isolated by ascending chromatography. A 
portion of the isolated keto acid was decarboxylated with ceric sulfate, 
and the C™ content of the carbon dioxide derived from the carboxyl] car- 
bon adjacent to the carbonyl group was determined. Another portion 
was dried on a planchet for a direct assay of the specific activity of the 
acid. The specific activities of the a-ketoglutarate and of the CO» pro- 
duced by ceric sulfate decarboxylation were found to be the same as that 
of the substrate (Table IV). A similar experiment was conducted with 
L-arabinose-1-C' as the substrate, except that the a-ketoglutarate was not 
isolated and the decarboxylation was carried out with the entire reaction 
mixture. Again, the specific activity of the CO. was equal to that of the 
original substrate (Table IV). 

Since a-ketoglutarate is a well known member of the tricarboxylic acid 
cycle, it appeared possible that other members of this cycle could be inter- 
mediates in the oxidation of L-argbonate to a-ketoglutarate. The com- 
pounds tested were citrate, cis-aconitate, isocitrate, and pyruvate. Since 
both DPN and TPN were reduced with L-arabonate in the presence of a 
crude enzyme preparation, the ability of the above compounds to serve as 
substrates for both DPN and TPN reduction was determined. In no case 
did any of them cause a reduction of DPN. However, TPN was rapidly 
reduced with isocitrate and relatively slowly with cis-aconitate. Pyruvate 
and citrate were inactive. The product of the oxidation of isocitrate 
was shown to be a-ketoglutarate by chromatography. <A keto acid also 
accumulated in reaction mixtures containing isocitrate when TPN was 
not present. This keto acid was tentatively identified as glyoxylie acid 
by chromatography. 

The possibility that the above compounds or products of their metab- 
olism may be intermediates in the oxidation of L-arabonate to a-keto- 
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glutarate was further checked by determining their ability to dilute the 
specific activity of the a-ketoglutarate formed in the oxidation of totally 
labeled L-arabonate. The enzyme was incubated with L-arabonate-C", 
DPN, and DPNH oxidase under aerobic conditions in the presence of an 
excess of each of the unlabeled compounds, separately as well as in their 
absence. As controls, the same reaction mixtures were prepared except 
that the L-arabonate was excluded. There was no a-ketoglutarate formed 


TaBLeE IV 


Determination of Radioactivity tn a-Ketoglutaric Acid Produced Enzymatically from 
L-Arabinose-1-C'4 and Potassium t-Arabonate-1-C' 


| L-Arabonate | 1-Arabinose 


(a) Substrate, wmoles 50 50 

(b) Specific activity* 1032 95 

(c) a-Ketoglutarate in reaction mixture, wmoles 26.0 45.5 

(d) COz produced on ceric sulfate decarboxylation of re- t 43.2 
action mixture, wmoles | 

(e) Specific activity t 95.6 

(f) Specific activity of a-ketoglutarate isolated chromato- | 1028 t 
graphically 

(g) Specific activity of COz produced by ceric sulfate de- 966 t 


carboxylation of isolated a-ketoglutarate 
(h) Specific activity of CO: vs. specific activity of substrate 


(e/b) 1.01 
(g/b) 0.94 
(i) Specific activity of a-ketoglutarate vs. specific activity 0.99 t 


of substrate (f/b) 


0.5 ml. of enzyme in 0.01 m Tris, pH 8.0, 0.25 ml. of 10 per cent suspension of DPNH 
oxidase from A. vinelandii, 0.5 ml. of 0.005 m DPN, 0.50 ml. of 0.1 m substrate, and 
3.25 ml. of Tris, pH 8.0, were incubated aerobically with shaking at 30° for 2 hours. 

* Counts per minute per micromole. 

t Not determined. 


in any control experiment. The a-ketoglutarate formed in the reaction 
mixtures containing L-arabonate was isolated by ascending chroma- 
tography. As shown in Table V, the specific activity of the a-ketoglu- 
tarate was essentially unchanged by the added compounds. 

Several other compounds which, for various reasons, appeared to be 
possible intermediates were tested in the same manner. These were glu- 
cose-6-phosphate, glyoxylate, L-a-hydroxyglutarate, and glutaconate. Of 
these four compounds, only glucose-6-phosphate served as a substrate for 
the reduction of DPN and TPN. The others were inactive toward both 
coenzymes. Pyruvic acid and glyceraldehyde-3-phosphate had previously 
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been shown to be the products of the oxidation of glucose-6-phosphate by 
preparations from cells grown with glucose (5). In the present experi- 
ments, pyruvate was also identified chromatographically as the main keto 
acid produced. No a-ketoglutarate was formed from any of the above 
compounds, nor did any of them show any dilution of the specific activity 
of the a-ketoglutarate produced from L-arabonate (Table V). 

The possibility that acetate, formate, or CO. may be involved in the 
formation of a-ketoglutarate was also tested. 10 umoles of inactive L- 
arabonate were incubated with the enzyme system and each of the follow- 


TABLE V 
Ability of Various Compounds to Dilute Specific Activity of a-Ketoglutaric Acid 
Produced Enzymatically from Totally Labeled Potassium L-Arabonate 


Unlabeled compound Specific activity of a-ketoglutarate 


| c.p.m. per umole 


| 114 


10 zmoles of L-arabonate-C!* (111 ¢.p.m. per ymole), 30 umoles of unlabeled com- 
pound, 0.5 umole of DPN, 900 umoles of Tris, pH 8.0, were mixed with 0.1 ml. of en- 
zyme (33 per cent extract in 0.01 m Tris, pH 8.0) and 0.05 ml. of 10 per cent sus- 
pension of DPNH oxidase from A. vinelandii to give a final volume of 1.0 ml. The 
reaction mixtures were incubated aerobically at 30° for 2 hours. The a-ketoglu- 
tarate was isolated chromatographically. 


ing added separately: 1 umole of totally labeled acetate (43,400 c.p.m. per 
umole), 1 umole of formate (4550 c.p.m. per umole), and 1 umole of Na,CO; 
(340,000 c.p.m. per umole). The experiment with Na2CO; was conducted 
in a closed system to prevent loss of radioactive CO. to the atmosphere. 
The a-ketoglutarate isolated from these reaction mixtures proved to be 
completely inactive. 


DISCUSSION 


Experiments with both intact cells and cell-free preparations of P. 
saccharophila have demonstrated that the metabolism of L-arabinose in 
this organism proceeds by a mechanism entirely different from that de- 
scribed for the breakdown of glucose (5). It also differs from the metab- 
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olism of the p-pentoses in other organisms (1, 26-33). The over-all oxi- 
dation does not appear to involve any phosphorylated intermediates or 
the classical tricarboxylic acid cycle. It may be summarized by the 
accompanying scheme. 


C=O C OOH C OOH 
HCOH HCOH HCOH C=0 
| HO H [Hoge HOCH 2H CH 
¢ | 2 
CH,OH CH,OH CH,OH COOH 
L-Arabino- L-Arabono-y- L-Arabonic A-Ketoglutaric 
furanose Lactone Acid Acid 


In the first step, L-arabinose is oxidized with a DPN-specific ‘‘L-arabinose 
dehydrogenase” to the L-arabono-y-lactone, suggesting that the furanose 
form of the sugar is attacked. It is interesting to note that the enzymatic 
oxidation of both glucose and glucose-6-phosphate yields the corresponding 
é-lactones (34-38) and that the 65-lactones are produced in the bromine 
oxidation of glucose, L-arabinose, and a variety of other sugars (25). 

The second step appears to be the hydrolysis of the lactone to L-arabonic 
acid by a ‘‘delactonizing’”’ enzyme. A delactonizing enzyme has been 
isolated from yeast (38), which catalyzes the hydrolysis of the 6-lactones 
of both gluconic and 6-phosphogluconic acids but not of L-arabono-y- 
lactone. The specificity of the delactonizing enzyme in P. saccharophila 
has not been studied. 

The further oxidation of L-arabonic acid to a-ketoglutaric acid, indicated 
as in the third step, is certainly a complex series of reactions which has 
not as yet yielded to analysis, since at least some of the intermediate 
compounds and enzymes appear to be extremely unstable. The follow- 
ing conclusions may be drawn from the experiments with crude cell-free 
extracts: (a) The sum total of the reactions in the third step results in the 
quantitative conversion of L-arabonic acid to a-ketoglutaric acid, in which 
the carboxyl carbon adjacent to the carbonyl group is derived from the 
carboxyl carbon of L-arabonic acid. The tricarboxylic acid cycle is not a 
major mechanism of a-ketoglutarate synthesis from t-arabonate, since 
DPN as well as TPN can serve as hydrogen acceptor in this oxidation. 
DPN cannot be reduced in the oxidation of isocitrate by the same prep- 
arations. Also, with DPN as the coenzyme, no part of the following 
compounds is incorporated into the end-product: COs, pyruvic acid, iso- 
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citric acid, cts-aconitic acid, and citric acid. In addition, formic, acetic, 
glyoxylic, glutaconic, and L-a-hydroxyglutaric acids are not precursors in 
whole or in part for the a-ketoglutaric acid. Unlabeled glucose-6-phos- 
phate, which, under the conditions of the experiment, can be a source of 
pyruvic acid and glyceraldehyde-3-phosphate (5), also does not dilute the 
specific activity of the a-ketoglutarate. (b) The initial reaction involved 
in the transformation of L-arabonate is not oxidative in nature. Further- 
more, it appears that the y-lactone of this sugar acid precedes the acid in 
the over-all mechanism and that the acid is not a side product. (c) At 
least one of the substrates for the subsequent steps is unstable in the pres- 
ence of enzyme and is destroyed by mild chemical treatment. (d) Either 
DPN or TPN can be used as the hydrogen acceptor in the oxidative step. 
TPN is used more rapidly than DPN. Since some TPN might have been 
present in the crude extracts, the possibility existed that this coenzyme 
might be the primary hydrogen acceptor. However, a TPNH-DPN 
transhydrogenation reaction appeared to be ruled out, since the same en- 
zyme preparation catalyzed the oxidation of isocitrate with TPN as hydro- 
gen acceptor but did not reduce DPN. 

The further metabolism of a-ketoglutaric acid could not be observed 
with cell-free preparations from P. saccharophila grown with L-arabinose as 
substrate. However, from evidence obtained in experiments with intact 
cells, it would seem that pyruvic acid is a metabolite subsequent to a- 
ketoglutarate. Iodoacetate-poisoned cells oxidize L-arabinose to CQ: and 
pyruvate. On the other hand, arsenite-poisoned cells, which oxidize 
glucose to pyruvic acid (5), produce a-ketoglutaric acid from L-arabinose. 
It has also been demonstrated by isotope dilution experiments that pyruvic 
acid is not a precursor of a-ketoglutaric acid in the oxidation of L-arabonate 
by cell-free preparations. 

Preliminary experiments with resting cell suspensions indicate that 
the mechanism for the oxidation of L-arabinose does not appear to be 
utilized by P. saccharophila for the oxidation of the other pentoses. The 
products of the oxidation of p-xylose and p-ribose by poisoned cells are 
the same as those obtained in glucose oxidation (5), while the oxidation 
of p-arabinose results in the accumulation of a different group of com- 
pounds which have not as yet been identified. 

The oxidation of L-arabinose has been studied in other microorganisms 
(2, 39-45). The results of these studies indicate that different organisms 
may metabolize this pentose by mechanisms other than that utilized 
by P. saccharophila. Most of these investigations have not been very 
extensive and were conducted with obligate or facultative anaerobes. 
Whether or not the pathway described in these studies is present in other 
organisms remains to be determined. The occurrence of L-arabonic acid 
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in the oxidation of L-arabinose by several species of Pseudomonas (39), 
and Brucella melitensis (2) suggests that these bacteria may use this path- 
way, at least in part. 


The authors wish to express their deep gratitude to the many bacteri- 
ologists and biochemists of their acquaintance who have contributed to 
this work by their generous gifts of chemicals and for their interest and 
valuable suggestions. A few of the many people to whom we are par- 
ticularly indebted are Dr. A. C. Neish, H. A. Barker, W. Z. Hassid, E. 
Putman, M. Rothstein, V. Ginsburg, R. Y. Stanier, N. Palleroni, and J. 
MacGee. 


SUMMARY 


1. Arsenite-poisoned intact cells and cell-free preparations of Pseudo- 
monas saccharophila oxidize L-arabinose to a-ketoglutaric acid. 

2. t-Arabinose is oxidized to L-arabono-y-lactone with DPN by enzyme 
preparations. A delactonizing enzyme is present in crude preparations 
which hydrolyzes the y-lactone to L-arabonic acid. 

3. L-Arabonic acid is further metabolized to a-ketoglutaric acid, in 
which the carboxy] carbon adjacent to the carbonyl] group is derived from 
the carboxyl carbon of arabonic acid. Either DPN or TPN may act as 
hydrogen acceptor for this system. 

4. Evidence is presented to show that L-arabonic acid is converted to 
an unstable intermediate which is rapidly oxidized by crude enzyme prep- 
arations. 

5. There is no evidence for the participation of any phosphorylated 
intermediates or any of the common metabolites, such as members of the 
tnearboxylic acid cycle, in the formation of a-ketoglutarate. 
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EFFECT OF A VITAMIN By DEFICIENCY AND OF 
FASTING ON OXIDATIVE ENZYMES IN 
THE RAT* 


By B. L. O’DELL, J. S. GORDON, J. H. BRUEMMER, anv A. G. HOGAN 


(From the Department of Agricultural Chemistry, University of Missouri, 
Columbia, Missourt) 


(Received for publication, March 8, 1955) 


A deficiency of vitamin By in the maternal diet has been shown to re- 
sult in congenital malformations and debility in the infant rat (1), but 
little is known about the biochemical defects that give rise to these patho- 
logical manifestations. Numerous studies have coupled vitamin By with 
methylation (2-5), and this has led to studies of its effect on choline 
oxidase and transmethylase (6, 7). It has been suggested that vitamin 
By has a general effect on protein anabolism. The fact that it plays a 
role in hematopoiesis suggests that it may have a more specific function 
in the synthesis of the porphyrin-containing proteins. 

In this study the concentrations of selected oxidative enzymes have 
been determined in tissues from vitamin By-depleted and from fasted 
rats. The cytochrome oxidase of liver was markedly lower in vitamin 
By-deficient animals, but the concentration in brain, kidney, and muscle 
was not affected. The concentration of choline oxidase and succinoxidase 
in liver was unchanged. 


EXPERIMENTAL 


The animals used in this study were albino rats of the Wistar strain. 
For the most part tissues were removed from new-born (24 hours of age) 
offspring of vitamin B,-deficient dams, but some observations were made 
on growing rats, 8 to 10 weeks of age. The dams were depleted of vitamin 
By by maintaining them from weaning on a soy bean oil meal diet! de- 
ficient in vitamin By (8). The control animals received the same diet 
supplemented with 30 y of vitamin Bi: per kilo. A high percentage of the 
vitamin By,2-deficient offspring was afflicted with hydrocephalus and other 


* Published with the approval of the Director of the Missouri Agricultural Ex- 
periment Station, Journal Series, No. 1522. This investigation was supported in 
part by a grant from the National Institutes of Health, United States Public Health 
Service. 

1 Folic acid was supplied through the courtesy of Dr. T. H. Jukes, Lederle Labo- 
ratories Division, American Cyanamid Company, Pearl River, New York, and the 
other crystalline vitamins through the courtesy of Dr. H. H. Draper, Merck and 
Company, Inc., Rahway, New Jersey. 
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congenital defects at birth. They usually survived not more than 3 days 
and died in a state of spasms, uremia, and cyanosis (9). In most cases 
there was milk in their stomachs at the time of sacrifice, but the amount 
was generally less than in the controls. Analysis of the livers of five 
deficient animals showed an average vitamin By activity of 13 mugm. per 
gm. as compared to 346 myugm. in the controls.2, There was no difference 
in the hemoglobin concentration in the blood from the two groups. 

The older growing rats studied were offspring of partially depleted 
dams that were weaned at 4 weeks of age. At this time part of a litter 
was continued on the same diet as that of the dam, and the remainder 
received the diet supplemented with vitamin By. Some of these animals 
succumbed, but the survivors were sacrificed in pairs after 4 to 6 weeks. 
In one experiment the feed of the control group was restricted so that the 
animals grew at a rate comparable to that of the deficient group. 

The animals were sacrificed by exsanguination, and the tissues were 
quickly removed and chilled on ice. They were then blotted free of water, 
weighed, and transferred to a cold glass homogenizer. The succinoxidase 
and cytochrome oxidase were determined by the method of Schneider and 
Potter (11), except that in some cases only duplicate flasks were used for 
the cytochrome oxidase and the autooxidation was calculated as the 
average of several pairs. 

The choline’ oxidase and endogenous respiration were determined by a 
method similar to that of Williams et al. (12). The homogenate was 
prepared by use of 9 parts of phosphate buffer (0.032 m, pH 7.2) and 1 of 
fresh tissue. The main compartment of each flask contained 0.6 ml. of 
buffer, 0.5 ml. of homogenate, and 1.3 ml. of water. The side arm con- 
tained 6 mg. of choline chloride in 0.6 ml. of solution or 0.6 ml. of water 
in the case of the blank. Calculations were based on the oxygen consumed 
during the 30 minute period after addition of the substrate, and the ac- 
tivity is expressed as the microliters of oxygen per gm. of fresh tissue per 
hour. Endogenous respiration was determined from the blank flask dur- 
ing the same period. 


Results 


The results of assays for endogenous respiration, choline oxidase, suc- 
cinoxidase, and cytochrome oxidase made on livers from new-born animals 
are reported in Table I. The vitamin By deficiency had no significant 
effect on endogenous respiration or on the choline oxidase activity. The 
succinoxidase and cytochrome oxidase determinations were made at the 

2 The vitamin Bi: activity was determined by a modification of the method of 


Flynn et al. (10) with bisulfite in the medium and Lactobacillus leichmannii, ATCC 
4797. We wish to thank Dr. R. B. Grainger for performing these assays. 
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There was no difference in the succin- 


oxidase activity, but there was markedly less cytochrome oxidase in the 


livers of the deficient animals. 


In order to determine cytochrome oxidase in other tissues and at the 
same time to study the effects of a deficiency on the moisture and nitro- 


TABLE I 


Effect of Vitamin Biz on Certain Oxidative Enzymes in Liver of New-Born Rats 


I:ndogenous respiration and choline oxidase are expressed as microliters of oxygen 
per gm. of fresh liver per hour; succinoxidase and cytochrome oxidase as microliters 


of oxygen per mg. of fresh tissue per hour. 


is given in parentheses. 


The number of determinations averaged 


Dietary supplement | Choline oxidase Succinoxidase 
None 169 + 11.0% 555 + 29.30 + 0.53 | 25.44 1.2 
(20) (20) (12) (12) 
Vitamin Bi: 199 + 27.1 | 5274 31.9 | 14.740.43 | 49.14 1.5 
(14) | (14) (9) (9) 
P valuet >0.05 ->0.05 >0.05 <0.01 


* Standard error of the mean. 
t Probabilities of differences in the means as determined by the Fisher ¢ test. 


TABLE II 
Cytochrome Oxidase Activity of Tissues from New-Born Rats 
The percentages of dry matter in the fresh tissues of the supplemented and defi- 
cient animals were, respectively, liver 22.7, 21.6; brain 12.1, 12.6; kidney 15.6, 15.7; 
muscle 13.2, 12.5. The corresponding values for nitrogen in the fresh tissue were 
liver 2.68, 2.34; brain 1.37, 1.42; kidney 2.01, 1.85; muscle 1.50, 1.47. 
Activity expressed as microliters of O2 per mg. of dry tissue per hour. 


| 
Dietary supplement (8 rats per group) | Liver Brain | Kidney — 
ee | 108 + 7.9* 135 + 8.8/ 111 + 7.6 | 56 + 4.0 
Vitamin Biz..................| + 10.6 1389 + 5.4 | 124 + 7.7 | 49 + 1.0 


* Standard error of the mean. 


gen content of tissues, another series of new-born animals was sacrificed. 
Liver, brain, kidney, and skeletal muscle were analyzed (see Table II). 
The deficiency had no significant effect on the moisture or nitrogen con- 
tent of the tissues, but the liver cytochrome oxidase activity, expressed 
on the basis of either dry weight or on nitrogen content, is significantly 
lower in the case of the deficient animals. Brain, kidney, and muscle 
tissue from these same animals showed no difference in content of cyto- 
chrome oxidase. 
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Since the new-born of deficient dams usually had Jess milk in their ( 
stomachs than the controls, it seemed possible that the lower cytochrome i 


oxidase resulted from simple starvation. In order to determine the effect 
of starvation, a group of normal new-born animals, which had not nursed, 
was fasted for 24 hours and compared with their litter mates. The re- 


\ 

Ill 

Effect of Fasting on Cytochrome Oxidase and Succinoridase Activity in Livers e 

of New-Born Rats e 

The activity is expressed as microliters of O» per mg. of dry tissue per hour. ¢ 

Condition of animal | Dry matter N, fresh | ay 

21.4 2.85 51.0 + 4.7* 135 + 3.8 tl 
23.8 2.65 43.3 + 3.4 | 151 + 5.3 

* Standard error of the mean. : 

TaBLeE IV 

Effect of Vitamin By2 Deficiency on Liver Cytochrome Oxidase Activity of - 

Growing Rats de 

The cytochrome oxidase is expressed as microliters of oxygen per mg. of dry Cy 

tissue per hour. O} 

Food ad libitum (11 rats) Food restricted (6 rats) 

| ox 

| ho 

| (255 + 82 258 + 23.6 su 

Vitamin By...... | 90 3 + 14.2 | 81 380 + 16.0 of 
* The growth period was not the same for all animals, but the animals were sacri- 

ficed in pairs so that the gain of the groups may be compared. for 

+ Standard error of the mean. CO! 

chi 

sults are summarized in Table IIT. Fasting decreased the dry matter the 

content of the livers, but had no appreciable effect on succinoxidase. spe 

There was a decrease in cytochrome oxidase, but the effect was not at all the 

comparable to the decrease observed in the vitamin By.-deficient animals. ] 

The effect of a vitamin By deficiency on liver cytochrome oxidase in a ¢ 

growing rats is shown in Table IV. The first group was fed ad libitum; in pre 

the deficient animals there was a markedly lower liver cytochrome oxi- not 

dase. That this effect was not due solely to the slower rate of growth in live 


the deficient animals is shown by the similar results obtained when the Oxi 
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controls were restricted to the same rate of gain as were the deficient 
animals. 


DISCUSSION 


In their studies on the effect of a vitamin By deficiency on liver enzymes 
Williams et al. (7) used growing rats and observed a higher choline oxi- 
dase activity in the deficient animals. This was attributed to the lower 
endogenous respiration. In this study there was no significant effect on 
either endogenous respiration or choline oxidase, but the experimental 
conditions differed in that new-born animals were used in the present 
study. Gillis and Young (6) observed no effect on the liver choline oxi- 
dase in chicks deficient in vitamin By». It appears that vitamin By exerts 
its action on methylation through its effect on transmethylase (7) rather 
than on choline oxidase. 

The low cytochrome oxidase observed in the livers of the vitamin Byp- 
deficient animals must result from failure of a rather specific function of 
the vitamin, since the succinoxidase and choline oxidase systems were 
not affected. It is somewhat surprising, however, that the cytochrome 
oxidase activity was not decreased in the other tissues studied. A dietary 
deficiency of protein has been reported by some investigators to decrease 
cytochrome oxidase in rat liver, but there is considerable difference of 
opinion. Wainio et al. (13) observed no effect on cytochrome oxidase, 
but a decided decrease in succinoxidase. If a vitamin By: deficiency inter- 
feres with protein synthesis in general, one would expect a picture similar 
to that of a protein deficiency. However, in the present study, succin- 
oxidase was not decreased by the vitamin By deficiency nor by the 24 
hour fast. It also seems unlikely that the low cytochrome oxidase re- 
sulted entirely from a decreased food intake, since the activity in the livers 
of the fasted animals was not decreased to a comparable degree. 

It is well known that copper, like vitamin By, is essential for hemoglobin 
formation, and this element has been shown to be an essential dietary 
constituent for the production of such iron porphyrin compounds as cyto- 
chrome oxidase (14, 15) and catalase (16). The similarity in action of 
these two essential dietary constituents suggests that vitamin By has a 
specific function in the synthesis of the porphyrin-containing proteins of 
the body. 

Preliminary experiments indicate that vitamin By does not function as 
a coenzyme for cytochrome oxidase, nor does a deficiency of the vitamin 
produce an inhibitor. Boiled extracts prepared from control livers did 
not stimulate the enzyme activity when added to homogenates of deficient 
livers, and boiled extracts of deficient livers did not depress the cytochrome 
oxidase activity of control liver tissue. Furthermore, a mixture of homog- 
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enates from deficient and control animals gave the calculated intermediate 
value. 


SUMMARY 


Livers of new-born rats from vitamin B,-deficient dams were analyzed 
for choline oxidase, succinoxidase, and cytochrome oxidase. There was a 
marked decrease in cytochrome oxidase, but the other systems were not 
affected. Fasting of the new-born animals gave similar results, but the 
effect on cytochrome oxidase was less marked. The cytochrome oxidase 
activity in brain, kidney, and skeletal muscle was not affected by the 
dietary deficiency. The liver cytochrome oxidase of growing rats deficient 
in vitamin By. was decreased to about the same degree as in the new-born 


animals. 
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ANTIMETABOLITES OF CHOLINE. STUDIES IN YOUNG 
RATS* 


By IBERT C. WELLS 


(From the Department of Biochemistry, State University of New York Medical 
College at Syracuse, Syracuse, New York) 


(Received for publication, March 21, 1955) 


We have previously presented the studies in vitro of a series of struc- 
tural analogues of choline as inhibitors of choline oxidase (choline dehy- 
drogenase) (1). Two of these compounds, 2-amino-2-methylpropanol-1 
and a,a-dimethyltriethylcholine, were capable of nearly completely sup- 
pressing the oxidation of choline by rat liver homogenates and rat liver 
mitochondrial preparations if present in a molar concentration 4 times that 
of the choline. These compounds were oxidized only slowly, if at all, by 
such liver preparations. Also, it was demonstrated (1) that these com- 
pounds were able to reduce markedly the rate of methionine synthesis 
from choline and homocystine but not from betaine and homocystine in 
rat liver homogenates. Presumably, this inhibition of methionine syn- 
thesis was attributable to the inhibition of choline dehydrogenase, since 
it has been shown (2-4) that choline only becomes a methyl donor after 
it has been oxidized to betaine. 

Because these two substances were such effective inhibitors of choline 
dehydrogenase in vitro, it was of interest to establish their effectiveness as 
inhibitors of choline oxidation in vivo. It was anticipated that, if a posi- 
tive result was obtained, these inhibitors could serve as tools to differentiate 
certain metabolic reactions involving choline and methionine. 

In this report are presented the results of experiments designed to test 
the efficacy of 2-amino-2-methylpropanol-1 and a,a-dimethyltriethylcho- 
lie as inhibitors of choline oxidation in young rats. The test proce- 
dure was similar to that of Moyer and du Vigneaud (5), which consisted 
of feeding to 5 week-old rats a diet in which equivalent amounts of choline 
and homocystine were substituted for methionine. If the addition of the 
test compound to this diet reduced the growth rate, it could be concluded 
that the substance in question either inhibited the oxidation of choline or 
blocked the transfer of the methyl group from betaine to homocysteine. 
2-Amino-2-methylpropanol-1 and a,a-dimethyltriethylcholine did not seem 
to affect the growth rate when tested in this manner and were thus ap- 
parently incapable of significantly retarding either of the two reactions 


* Presented in part at the meeting of the American Society of Biological Chemists, 
Atlantic Citv, New Jersey, April, 1954. 
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involved; however, their inclusion in control diets which were adequate 
with respect to methionine resulted in hemorrhagic kidney degeneration 
and death of the animals. The diets without the inhibitors produced 
only a low incidence of hemorrhagic kidney degeneration, but all of the 
animals had fatty livers. The effect of these compounds was prevented 
by supplements of choline. 


EXPERIMENTAL 


The diets had the following composition in common (in per cent): 
Wesson oil, 2; cod liver oil, 4; glucose, 40; salt mixture (Phillips and Hart 
(6)), 4. They were supplemented with the following crystalline vitamins 
(in mg. per 100 gm. of diet): thiamine hydrochloride, 0.3; riboflavin, 0.4; 
pyridoxine hydrochloride, 0.3; calcium pantothenate, 1.0; niacin, 1.0. 
In Table I are presented the differences in composition of the diets. 


TABLE I 


Differences tn Composition of Basic Diets 


“Diet A* Diet BY Diet 

per cent cent 
Casein hydrolysate (methionine-free (5)).......... 10 | 


* Supplemented with 0.04 mg. of vitamin By2 per 100 gm. 
t General Biochemicals, Inc., vitamin test. 


The methionine deficiency in Diet A was eliminated by adding either 
pL-methionine or equivalent amounts of choline and pit-homocystine. In 
addition, since this diet was also deficient in certain of the amino acids (7), 
the following (in per cent) were added to overcome the deficiencies: L- 
lysine 0.5, pL-tryptophan 0.2, L-histidine 0.2, pL-phenylalanine 0.6, and 
threonine 0.6. 2-Amino-2-methylpropanol-1, a ,a-dimethyltriethylcholine, 
and choline were added to the diets as indicated below. 

Liver xanthine oxidase concentrations (8) of animals receiving these 
diets were the same as those of rats just received from the breeder.' Since 
diets deficient in essential amino acids, particularly methionine and tryp- 
tophan, reduce the liver xanthine oxidase concentration (9-11), it is pre- 
sumed that the diets were adequate in these respects. 

Male, albino rats which weighed from 40 to 50 gm. were kept in raised 
cages, two animals per cage, and received the diet and water ad libitum 
for the 2 week experimental period. The kidneys of each animal that 


1 Obtained from the Empire Farms, Bainbridge, New York. 
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died were inspected and weighed. The livers of animals which died with 
hemorrhagic kidneys tended to contain a normal concentration of total 
lipide and in later experiments only the livers of the animals which sur- 
vived the experiment were analyzed. 

Total liver lipide analyses were performed on fresh liver samples by 
grinding with sand and extracting the lipides with boiling alcohol-ether 
(3:1). An aliquot of the combined liver extract was evaporated to dry- 
ness, and the residue was weighed after standing overnight in an oven at 


100°. 


TABLE II 
Experiment with Diet A 
| 
No. of rats 
a,a-Di- No. of 
2-methyl-| Methyl- jrats with) |Diet con- 
gm. per | gm. per 
per cent | per cent rat per | rat per |\per cent fresh weight 
ay day 
| 6 4 1 0 3.1 10.41 + 1.00 
Choline + meth- | 
ionine........ | 6 5 0 2.0 5.5 9.29 + 0.52 
Choline + homo- | 
cystine. ...... | 6 6 0 1.5 5.1 | 10.28 + 0.77 
«“ ere ae 6 | 6 0 1.8 | 5.8 | 13.78 + 1.35 
2.4 6 6 0 1.1 4.9 18.43 + 2.57 
Methionine...... 6 6 2 1.1 4.9 18.65 + 1.11 
1.0 6 0 6 
| 2.4 6 | 0 6 | 
* Average + standard error of the mean. 
Results 


Table II contains the results of an experiment in which Diet A with and 
without supplements of 0.34 per cent of pL-methionine (7) and of equiva- 
lent amounts of choline chloride and pL-homocystine was employed. The 
test compounds, 2-amino-2-methylpropanol-1 and a,a-dimethyltriethy]- 
choline chloride, were added at concentration levels of 1.0 and 2.4 per 
cent, respectively. On a molecular basis, these levels of the inhibitors 
were equal to each other and to 5 times the concentration of choline. 

Although the animals receiving the choline plus homocystine diet did 
hot grow well, the addition of the inhibitors did not significantly reduce 
the growth rate, and thus the rate of synthesis of methionine was not 
appreciably altered by the presence of the inhibitors. However, the 
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addition of the inhibitors to the methionine-containing control diet in- 
creased markedly the incidence of hemorrhagic kidney degeneration. 
Those animals which received the methionine-containing control diet 
alone exhibited a low frequency of occurrence of hemorrhagic kidney 
degeneration, but all had a significantly increased total liver lipide con- 
centration. The inclusion of a,a-dimethyltriethylcholine in the choline- 
plus homocystine-containing diet produced a significantly increased total 
liver lipide concentration (P = 0.01), whereas the effect of 2-amino-2- 
methylpropanol-1 was less marked (P = 0.05). Neither of these com- 
pounds caused hemorrhagic kidney degeneration when added to the diet 
containing choline and homocystine. Similar results were observed (Ta- 
ble III) in experiments in which 20 per cent casein (Diet B) replaced 
methionine-free casein hydrolysate (Diet A). 

Rats which received Diet B alone grew relatively well and the incidence 
of hemorrhagic kidney degeneration was low. However, the total liver 
lipide concentration was elevated in these animals. Supplements of 200 
mg. per cent of choline chloride prevented the occurrence of hemorrhagic 
kidney degeneration and reduced significantly the concentration of total 
liver lipide. When 1.0 per cent 2-amino-2-methylpropanol-1 was present 
in the diet, between 120 and 250 mg. per cent of choline chloride were 
required to prevent completely the occurrence of hemorrhagic kidney 
degeneration. At the higher level of choline concentration hemorrhagic 
kidneys did not occur and the concentration of total liver lipide was the 
same as that when the inhibitor was absent from the diet. The effect of 
2.4 per cent a,a-dimethyltriethylcholine chloride in the diet was not re- 
versed completely by the addition of 200 mg. per cent of choline chloride. 
However, the total liver lipide concentration of the animals which sur- 
vived the experiment corresponded with that of the animals which received 
the basic diet without added choline. 

Since it has been demonstrated (12) that a combination of vitamin By 
and folic acid can spare the choline requirement in rats, 0.1 mg. per cent 
of folic acid was added to Diet B which contained 0.04 mg. per cent of 
vitamin By. It is evident from Table III that the presence of added 
folic acid had no effect on the response of the rats to the two inhibitors at 
the concentrations employed. 

Diet C, similar to that used by Griffith (13), was employed to deter- 
mine the relative effects of choline and of the inhibitors (Table IV). A 
concentration of 100 mg. per cent of choline chloride was sufficient to off- 
set the effect of 0.33 per cent 2-amino-2-methylpropanol-1. Concentra- 
tions of 0.67 and 1.0 per cent of the inhibitor required 150 and 200 mg. 
per cent choline chloride, respectively. These amounts of choline not only 
protected the animals from hemorrhagic kidney degeneration but also 
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from fatty infiltration of the liver. Since hemorrhagic kidney degenera- 
tion appeared occasionally during several repetitions of the experiment in 
which the combination of 0.33 per cent 2-amino-2-methylpropanol-1 and 
100 mg. per cent choline chloride was administered, this concentration of 
choline is reasonably close to the actual concentration of choline required. 
The titration of a,a-dimethyltriethylcholine with choline gave less certain 
results. A level of 0.8 per cent of this inhibitor required a concentration 


TABLE III 
Experiment with Diet B 
: No. of No. of | 
: 2-Amino- rats Diet 
in triethy!- = nel | W po Total liver lipide* 
nol-l | chloride | | tion 
Nn N 
lene. pergm. per 
per cent | per cent | 
6 6 1 2.8 | 5.5 | 15.45 + 1.30 
200 choline chloride. 6 6 0 3.7 | 6.4 | 10.54 + 0.95 
1.0 6 0 6 
80 choline chloride.’ 1.0 6 1 6 0.5 
120 ? ” 1.0 6 2 4 | 1.5 
200 - ri 1.0 6 6 0 | 3.3 5.7 | 11.38 + 1.39 
2.4 6 0 6 | 
80 choline chloride. 2.4 6 1 S. 
120 2.4 6 0) 6 
200 24 “ 2.4 6 4 2 | 2.3 4.6 | 14.50 + 2.27 
0.1 folic acid........ 6 5 1 3.5 | 5.7 | 15.69 + 0.83 
a. | 1.0 6 0 6 
| 2.4 6 0 6 | 


* Average + standard error of the mean. The values for the animals which died 
during the experiment are not included. 


of choline chloride of about 133 mg. per cent, whereas a level of 1.6 per 
cent increased the choline requirement to about 200 mg. per cent. The 
concentration of choline necessary to counteract the effect of 2.4 per cent 
a,a-dimethyltriethylcholine chloride was only slightly higher than that 
required to reverse the effect of 1.6 per cent of the inhibitor. Unlike the 
findings with 2-amino-2-methylpropanol-1, those concentrations of choline 
which afforded kidney protection to most of the animals receiving each 
level of concentration of a,a-dimethyltriethylcholine were insufficient to 
reduce the total liver lipide concentrations to the control values. 

The results of the titration experiments are given in Table IV. A plot 
of the concentration of the inhibitor versus the concentration of choline 
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chloride necessary to counteract the effect of the inhibitor on the kidneys 
resulted in a straight line for 2-amino-2-methylpropanol-1 over the range 
of concentrations tested. Extrapolation of this line to zero concentration 


TaBLeE IV 


Diet C. Titration of 2-Amino-2-methylpropanol-1 and a,a-Dimethyltriethylcholine 
with Choline 


| No. of rats | No. of 
Diet supplement in methy|- with Weight 
mg. per cent propa- — » = | s kidney | gain | sump- Total liver lipide* 
nol-l | chloride 5 
| 
gm. perigem. per 
per cent | per cent fr ht 

100 choline chloride 6 5 0 3.8 | 7.5 {11.28 + 0.42 
100 0.33 6 6 0 3.4 | 6.6 11.89 + 0.28 
100 - ms 0.67 6 5 2 2.5 | 6.0 |10.50 + 0.89 
100 ni er: 1.0 6 0 6 
100 - si 0.80 6 5 4 1.8 | 5.0 | 9.33 + 1.10f 
100 1.60 6 1 6 
100 2.4 6 0 6 
133 8 6 0 3.4 | 7.0 | 7.138 0.45 
133 0.8 10 2 2.6 | 6.5 |10.08 + 0.72 
150 Ke 3 7 5 (0) 3.5 | 6.1 | 7.61 4 0.47 
150 a as 0.67 6 6 0 2.1 4.8 | 8.76 + 0.75 
150 sas te 1.0 6 1 3 2.6 | 5.6 |10.01 
150 os ” 1.6 6 3 5 0.1 | 3.3 | 7.87 
150 2.4 0) 8 
200 6 | 61] 0 | 3.7) 7.0 | 6.62 + 0.34 
200 4 1.0 6 | 6 0 | 3.1 | 7.0 | 6.69 + 0.44 
200“ 1.6 1 2.4 5.0 | 9.04 + 0.46 
nae . 24 1/6) 5 | 1 | 2.2 | 6.0 |10.67 + 0.46 
7 | 5 | O | 3.2 | 6.5 | 6.48 + 0.30 
16 |12 10 | 1 | 3.2 | 6.5 | 7.66 + 0.57 
215 e . 2.4 12 | 11 | 2.9 | 6.5 10.36 + 0.66 


* Average + standard error of the mean. 
t This value is probably low due to the fact that three of the surviving animals 


had hemorrhagic kidneys. 


of the inhibitor gave a value of 50 mg. per cent of choline chloride which 
is the concentration of this substance required to protect animals receiving 
Diet C from hemorrhagic kidney degeneration. ‘This concentration of 
choline corresponded to a daily intake of about 3 mg. of choline, a value in 
the same range as that determined by Griffith (13). 

A similar plot for a,a-dimethyltriethylcholine has a sharp break at a 
choline chloride concentration of about 200 mg. per cent. Thereafter, the 
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curve becomes nearly perpendicular to the choline ordinate, which indi- 
cates that beyond this point the compound has very little inhibitory 
activity. This is apparently an unusual finding among antimetabolites 
and an explanation for its occurrence is not known. 

The calculated molecular inhibition index for 2-amino-2-methylpro- 
panol-1 is about 9. The index for a,a-dimethyltriethylcholine, over the 
range of concentrations that it acts strongly as a competitive inhibitor of 


TABLE V 


Diet C. Effects of 2-Amino-2-methylpropanol-1 and a,a-Dimethyltriethylcholine on 
Liver Lipide 
The diet supplement for each experiment is 200 mg. per cent of choline chloride. 


2-Amino- |a,a-Dimethyl- No. of rats No. of rats | Diet 
2-methyl- |triethylcholine with kidney} Weight Total liver lipide* 
propanol-1 chloride "Started Survive d hemorrhage 
After 7 days 
| | gm. per rat gm. per rat h ral 
per cent per cent | | per day per day per cent fresh weight 
oe 0 3.4 5.0 | 7.64 + 0.62 
1.0 te.doo 0 3.2 5.0 7.78 + 0.55 
1.6 0 3.0 5.0 7.24 + 0.44 
0 5.0 | 8.44 + 0.50 
After 14 days 
a ee 0 3.7 7.0 | 6.62 + 0.34 
1.0 | 6 6 0 3.1 7.0 6.69 + 0.44 
1.6 | 7 6 1 2.4 5.0 9.04 + 0.46 
2.4 | 6 5 1 2.2 6.0 10.67 + 0.46 


* Average + standard error of the mean. 


choline, is somewhat less than 9. These values of the inhibition index 
indicate that the compounds are strong inhibitors of choline. 

The effects of the inhibitors on the total liver lipide concentration are 
shown more clearly in Table V. The concentration of choline chloride 
used, 200 mg. per cent, prevents the appearance of hemorrhagic kidney 
degeneration in those animals which received 1.0 per cent 2-amino-2- 
methylpropanol-1 and nearly completely prevents the appearance of this 
symptom in those animals receiving 1.6 and 2.4 per cent a,a-dimethy]l- 
triethylcholine chloride. At the end of 7 days on the diet, the total liver 
lipide concentration in each group of animals was the same. However, 
by the end of the 14th day, the total liver lipide values of the groups of 
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rats receiving a,a-dimethyltriethylcholine were significantly higher than 
those of animals receiving the control diet, while the animals receiving 
2-amino-2-methylpropanol-1 had a total liver lipide concentration which 
was the same as that of the control animals. Since young rats require 
2 to 3 times as much choline to prevent fatty infiltration of the liver as to 
prevent hemorrhagic kidney degeneration (13), and since with 1.0 per cent 
2-amino-2-methylpropanol-l a supplement of 200 mg. per cent of choline 
chloride is quite close to the critical concentration required to protect 
the kidneys, it is felt that this inhibitor has little or no effect on liver 
lipide concentration. a,a-Dimethyltriethylcholine seemingly affects both 
the kidneys and the liver. 


DISCUSSION 


Welch (14) has proposed the hypothesis that the intact choline mole- 
cule is necessary for the prevention in rats of hemorrhagic kidney de- 
generation and fatty infiltration of the liver. This hypothesis is compatible 
with the observation that an analogue of choline such as arsenocholine, 
which is not a methyl! donor (5), is also capable of preventing symptoms 
in young rats receiving a choline-deficient diet. Since in the experiments 
reported here it is demonstrated that the administration of 2-amino-2- 
methylpropanol-1 and a,a-dimethyltriethylcholine to young rats causes 
hemorrhagic kidney degeneration, even though the animals receive simul- 
taneously an adequate supply of choline, it may be concluded, on the 
basis of Welch’s hypothesis, that these compounds antagonize the utiliza- 
tion of choline in the kidney. Since the concentration of choline just 
capable of reversing the effect of 2-amino-2-methylpropanol-1l on the 
kidneys at the same time prevents fatty infiltration of the liver, and since 
this result did not occur in the case of a,a-dimethyltriethylcholine, it may 
be concluded further that a,a-dimethyltriethylcholine antagonizes the 
utilization of choline in the liver, while 2-amino-2-methylpropanol-1 has 
little or no activity in this organ. As far as the author is aware, these 
two compounds are the only known inhibitors of choline utilization ex- 
cept, possibly, triethylcholine. The latter substance has been reported 
to be an antagonist of choline in the rat (12) and also to possess lipotropic 
(15) and antihemorrhagic activity (14). The acutely lethal effect. of 
injecting triethyleholine into mice has been shown to be prevented by the 
simultaneous injection of choline (16). ! 

Since the prevention of hemorrhagic kidney degeneration and of fatty 
infiltration of the liver in young rats requires different amounts of choline 
(13), it has been possible with choline-deficient diets to produce the latter 
svmptom without affecting the kidneys. However, the reverse situation 
could not be obtained in this manner. Since 2-amino-2-methylpropanol-l 
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apparently only antagonizes the utilization of choline in the kidney, it is 
now possible to provoke hemorrhagic kidney degeneration without having 
concomitantly an increased concentration of total liver lipide. a,a- 
Dimethyltriethylcholine antagonized the utilization of choline in both 
the liver and kidney. This difference in activity of the two inhibitor 
compounds may represent a fundamental difference in the manner of 
utilization of choline in the two organs or possibly only a difference in 
substrate specificity of the enzyme systems involved. That the enzyme 
systems in the two organs are controlled by different hormones is indicated 
from the work of Hall and Bieri (17). These investigators reported that 
the administration of anterior pituitary growth hormone to rats on a 
choline-deficient diet augmented the renal damage but did not increase 
the liver lipide accumulation. On the other hand, hydrocortisone pre- 
vented the typical renal lesions caused by choline deficiency but did not 
prevent the fatty infiltration of the liver. 


SUMMARY 


2-Amino-2-methylpropanol-1 and a,a-dimethyltriethylcholine, which 
were observed to be inhibitors of choline dehydrogenase in vitro, did not 
inhibit this enzyme significantly in vivo. However, both were found to be 
competitive inhibitors of choline utilization in the kidney, and a,a-di- 
methyltriethylcholine was observed to inhibit the utilization of choline 
in the liver as well. 
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PREPARATION FROM PEA 
SEEDLINGS* 


By GEORGE C. WEBSTERf anp MARY PERRINE JOHNSON 


(From the Kerckhoff Laboratories of Biology, California Institute of Technology, 
Pasadena, California) 


(Received for publication, April 11, 1955) 


Recent experimental evidence has indicated that there is some direct 
relationship between nucleic acids and the incorporation of amino acids 
into protein. Treatment of mammalian cellular particles (1, 2), of dis- 
rupted bacteria (3-5), or of onion roots (6) with ribonuclease results in ex- 
tensive inhibitions of amino acid incorporation. Incubation of isolated 
nuclei with deoxyribonuclease similarly inhibits amino acid incorporation 
(7). Moreover, Gale and Folkes (5, 8) have reported that the incorporat- 
ing ability of ribonuclease-treated bacterial cell preparations can be re- 
stored by the addition of bacterial ribonucleic or deoxyribonucleic acid. 

Although there is an apparent relationship between nucleic acids and 
amino acid incorporation, the manner in which the nucleic acids act is not 
at all clear. For example, while ribonuclease treatment inhibits amino 
acid incorporation by cell-free extracts of Micrococcus lysodeikticus, deoxy- 
ribonuclease treatment considerably increases such incorporation (3, 4). 
In contrast to these results, amino acid incorporation by isolated thymus 
nuclei is strongly inhibited by deoxyribonuclease treatment but only 
slightly inhibited by ribonuclease (7). In preparations of disrupted 
Staphylococcus aureus either ribonuclease or deoxyribonuclease apparently 
inhibits incorporation (5, 8). Furthermore, Gale and Folkes (5) have re- 
ported that the ability of disrupted S. aureus cells to incorporate amino 
acids can often be restored with a mixture of purines and pyrimidines fol- 
lowing ribonuclease or deoxyribonuclease treatment. It would appear, 
therefore, that considerable information is needed on the properties of these 
apparently different systems before any generalizations are permissible re- 
garding the mechanism by which nucleic acids act during amino acid in- 
corporation. 

In an attempt to attain further insight into the relationship between 
nucleic acids and amino acid incorporation, we have examined the effects 
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of nucleic acids and their derivatives on amino acid incorporation by a 


particulate system from rapidly growing pea roots. Amino acid incorpora- 
tion by this particulate material is enhanced by adenosine triphosphate, 
magnesium ions, and by a mixture of seventeen amino acids (9). The 
system thus resembles somewhat the preparations used by Gale and Folkes 


(5). Incorporation is inhibited by adenosine diphosphate and by the | 
amino acid antagonists p-fluorophenylalanine, §-2-thienylalanine, ethi- | 


onine, and N-allylglycine (9). 


EXPERIMENTAL 


Rapidly growing roots of germinating peas (Piswm sativum) were de- 


tached from the seeds 96 hours after the beginning of germination. The © 


roots were ground in the manner described previously (10) in 0.45 m su- 


crose-0.05 m potassium phosphate buffer of pH 7.5. The preparation was | 


filtered through cheese-cloth before the nuclei and cellular fragments were 
removed by centrifugation at 500 K g. The active particulate material, 
sedimented at 40,000 * g, was resuspended in sucrose-phosphate and put 
into the reaction mixture immediately. Particulate sediments deposited 
between 40,000 and 100,000 X g were only moderately active in incor- 
porating amino acids (9) and were not used in these experiments. 

The composition of each incubation mixture used in the present experi- 
ments is given in Tables I to V and Figs. 1 and 2. Unless otherwise in- 
dicated, the systems were shaken in a Dubnoff metabolic incubator at 38° 
for 3 hours. At the end of the incubation period, the particulate proteins 
were precipitated with 10 per cent trichloroacetic acid. The washing and 
preparation of samples for radioactivity assay followed the procedure de- 
scribed previously (9). Radioactivity in the samples was determined with 
a Nuclear model D47 gas flow tube and standard scaling circuit. 
~ The glutamic acid-2-C", crystalline ribonuclease, and deoxyribonuclease 
were commercial preparations. Yeast ribonucleic acid was obtained from 
the Nutritional Biochemicals Corporation. Highly polymerized ribonv- 
cleic acids from both yeast and liver were gifts of Dr. James D. Watson. 
Ribonucleic acid from both peas and wheat germ was prepared by the 
method of Davidson and Waymouth (11). The two forms of herring 
sperm deoxyribonucleic acid were obtained from the California Founda- 
tion for Biochemical Research. The 9-8-p-ribofuranosylpurine was kindly 
supplied by Dr. George Bosworth Brown. The 4-phthalimido-2 ,6-di- 
methylpyrimidine was a gift of the Research Division, Phillips Petroleum 
Company. 


Results 


The data of Table I show that incubation of the particulate material 
from pea roots with a solution of crystalline ribonuclease results 
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in a marked inhibition of glutamate incorporated into protein. Similar re- 
sults are obtained by extraction of the enzyme preparation with 1 m 
NaCl. In contrast, deoxyribonuclease treatment causes no significant 
inhibition. The addition of pea ribonucleic acid to ribonuclease-treated 
particles results in a restoration of incorporating ability. The degree of 
this restoration varies with the amount of inhibition. This suggests that 
prolonged incubation of the particles with ribonuclease or NaCl may cause 
some irreversible inactivation of the incorporating activity in addition to 


TABLE I 
Effect of Pea Ribonucleic Acid on Glutamate-C' Incorporation by Untreated, 
Deozyribonuclease-, Ribonuclease-, and NaCl-Treated Particles 
from Pea Roots 


umoles glutamate per gm. protein 
Particulate system 
Control Plus RNA 

DNAse-treated (30 min.).................... 1.13 1.53 
NaCl-treated (30 0.49 0.95 


The complete system contained 0.01 mM potassium phosphate buffer (pH 7.5), 0.01 
M potassium glutamate-2-C", 0.1 mg. each of seventeen amino acids (9), and 0.5 ml. 
of the particulate preparation (in 0.45 m sucrose-0.05 m phosphate) in a total volume 
of l1ml. Where indicated, 0.3 mg. (final concentration) of pea ribonucleic acid was 
added to the above system. The system was incubated for 3 hours at 38°. Before 
incubation with the above system, the particles were incubated for the times indi- 
cated with 0.45 m sucrose-0.05 m phosphate or with sucrose-phosphate containing 
ribonuclease, deoxyribonuclease, or 1 mM NaCl. 


causing the disruption of particle-bound RNA.' Despite this lack of 
complete recovery the data strongly indicate that RNA is implicated in 
glutamate incorporation. 

Of further interest is the enhancement of glutamate incorporation ob- 
tained by addition of RNA to untreated particles (Table I). Table II 
summarizes the effects of RNA preparations from a variety of sources on 
untreated particles. Although the enhancements vary somewhat, it is 
nevertheless obvious that RNA preparations from these diverse sources are 
generally as effective as pea RNA in augmenting incorporation. The DNA 
preparations not only fail to promote incorporation but also produce in- 
stead small inhibitions. This is in contrast to the results of Gale (8), who 


1 The abbreviations used are RNA, ribonucleic acid; DNA, deoxyribonucleic acid. 
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TABLE II 


Effect of Ribonucleic and Deoxyribonucleic Acids from Various Sources on 
Glutamate-C'4 Incorporation by Particles from Pea Roots 


RNA 
DNA 
Herring sperm (commercial)........................... 1.03 
(highly polymerized)................... 1.04 


The complete system contained 0.01 mM potassium phosphate buffer (pH 7.5), 0.01 
M potassium glutamate-2-C™, 0.1 mg. each of seventeen amino acids (9), and 0.5 ml. 
of the particulate preparation (in 0.45 mM sucrose-0.05 m phosphate) in a total volume 
of 1 ml. Where indicated, 0.3 mg. of each of the nucleic acids was present. The 
system was incubated for 3 hours at 38°. 


finds that amino acid incorporation by bacterial cell envelopes is increased 
more by DNA than by RNA. Furthermore, Gale (8) reports that  pro- 
motion of incorporation by the bacterial preparations is not obtained by a 
iver RNA. It would appear, therefore, that the two systems are consider- 


2.00 


MOLES GLUTAMATE 
INCORPORATED / GM. PROTEIN / HR. 
Oo 


02 0.4 0.6 0.8 1.0 
YEAST RNA CONCENTRATION 
(MG.) 


Fig. 1. Effects of yeast RNA concentration on glutamate incorporation. The 
complete system contained 0.01 mM potassium phosphate buffer (pH 7.5), 0.01 m po- 
tassium glutamate-2-C'4, 0.1 mg. each of seventeen amino acids (9), and 0.5 ml. of 
the particulate preparation (in 0.45 m sucrose-0.05 m phosphate) in a total volume of 
1.0ml. In addition, yeast RNA was present in the amounts indicated. The system 
was incubated for 3 hours at 38°. 
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ably different in detail, even though RNA increases incorporation in both 
preparations. 


Characteristics of RNA Effect 


The effect of RNA concentration on glutamate incorporation is pre- 
sented in Fig. 1. Optimal incorporation is obtained in the presence of 0.3 
mg. per ml. of commercial yeast RNA. The rate of incorporation de- 
creases with increasing RNA concentration above 0.3 mg. 


TABLE III 


Ammonium Sulfate Fractions of Yeast Ribonucleic Acid and Their Effect on Glutamate 
Incorporation by Particles from Pea Roots 


| specific activity, wmoles 


per 0.3 mg. RNA 
gm. 
Unfractionated RNA........................ 10.00 1.53 
0.1 saturated (NH4)2SO, fraction............ 0.90 1.33 


The complete incorporation system contained 0.01 mM potassium phosphate buffer 
(pH 7.5), 0.01 M potassium glutamate-2-C'4, 0.1 mg. each of seventeen amino acids 
(9), and 0.5 ml. of the particulate preparation (in 0.45 m sucrose-0.05 m phosphate) 
ina total volume of 1 ml. Where indicated, 0.3 mg. of each of the dialyzed am- 
monium sulfate fractions of veast ribonucleic acid was added. The system was 
incubated for 3 hours at 38°. 


In an attempt to obtain further insight into the manner in which RNA 
promotes incorporation, yeast RNA was fractionated with ammonium 
sulfate, and the effect of each of the RNA fractions on incorporation was 
measured. Table III shows that systematic ammonium sulfate fractiona- 
tion results in the precipitation of varied amounts of polynucleotides. 
That these various fractions indeed have different specific activities in 
enhancing glutamate incorporation is indicated by the data of Table III. 
It is interesting to note that the material precipitating at the higher am- 
monium sulfate concentrations (and presumably, therefore, composed of 
material of the smaller molecular sizes) is most active in promoting incor- 
poration. 
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Although enhancement of incorporation may be due to the intact RNA 
molecule, the ability of any RNA, regardless of source, to increase incor- 
poration casts some doubt on such an interpretation. The greater in- 
creases obtained with RNA fractions precipitated at high ammonium sul- 
fate concentrations also suggest that a high degree of polymerization may 
not be necessary for promotion of incorporation. It seems possible, there- 
fore, that the lack of RNA specificity for promotion of incorporation ob- 
served in Table II is to some degree dependent on the breakdown of the 
RNA preparations to similar basic units. That the products of RNA 
breakdown enhance glutamate incorporation is shown in Table IV. From 
the data, it can be seen that the yeast RNA preparation increases gluta- 
mate incorporation to a greater extent after it has been partially degraded 


TABLE IV 


Effect of Partial Degradation of Yeast RNA on Enhancement of Glutamate 
Incorporation into Protein 


umoles glutamate incorporated 


Addition to system per gm. protein per hr. 
after ribonuclease treatment... 1.59 


The composition of each over-all reaction system was the same as that described 
in Table II. The system was incubated for 3 hours at 38°. Yeast RNA was pre- 
treated for 2 hours at 38° in either 5 mg. per ml. of crystalline ribonuclease or 20 per 
cent KOH. 


with ribonuclease or with dilute alkali. Better promotion of incorpora- 
tion is obtained after alkali digestion. Both of these treatments result in 
the formation of small polynucleotides or even mononucleotides. This 
suggests that the enhancement of incorporation obtained with RNA in our 
experiments is a reflection of its breakdown to simple substances. 


Effects of Nucleotides and Their Derivatives on Incorporation 


Table V shows the effects of nucleotides, nucleosides, purines, and pyrim- 
idines on glutamate incorporation. Although the individual substances 
generally increase incorporation, still greater effects are obtained with mix- 
tures of the nucleotides, or nucleosides, or purines and pyrimidines. It is 
also noteworthy that the individual pyrimidines and their derivatives are 
more effective in promoting glutamate incorporation than the purines and 
their derivatives. Most interesting, however, is the fact that nucleosides, 
both individually and in a mixture, cause somewhat greater incorporation 


n 
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rates than either nucleotides or purines and pyrimidines. The mixture of 
nucleosides, in fact, gives the greatest incorporation rates yet obtained. It 
should be noted that the increase of incorporation caused by purines and 
pyrimidines parallels the previous report of Gale and Folkes (5). 


TABLE V 


Effect of Nucleotides, Nucleosides, Purines, and Pyrimidines on Glutamate 
Incorporation by Particles from Pea Roots 


umoles glutamate incorporated 


Addition to system per gm. protein per hr. 


Nucleotides 
Mixture of above 4 nucleotides........................ 1.80 
Nucleosides 
Mixture of above 4 nucleosides........................ 2.34 
Purines and pyrimidines 
Mixture of adenine, guanine, cytosine, and uracil...... 2.20 


The complete system contained 0.01 mM potassium phosphate buffer (pH 7.5), 0.01 
M potassium glutamate-2-C'4, 0.1 mg. each of seventeen amino acids (9), 0.5 ml. of 
the particulate preparation (in 0.45 mM sucrose-0.05 m phosphate) in a total volume of 
1ml. Where indicated, 0.001 m nucleotide, nucleoside, purine, or pyrimidine was 
present except for guanine which was 0.0005 m. The system was incubated for 3 
hours at 38°. 


Effects of Purine and Pyrimidine Antagonists on Glutamate Incorporation 


The fact that purines, pyrimidines, and related compounds enhance 
incorporation suggests that various antagonists of purines and pyrimidines 
might inhibit incorporation. 
may be moderately inhibited by certain of these antimetabolites. 


Fig. 2 shows that amino acid incorporation 
How- 
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ever, the following purine and pyrimidine derivatives (at 0.001 mM concen- 
tration) were completely ineffective in inhibiting incorporation: 4,6-dihy- 
droxypyrimidine, isoguanine, 2-thiocytosine, 5-bromouracil, 6-aminouracil, 
2,6-diaminopurine, and thiouracil. Surprisingly, 9-8-p-ribofuranosyl- 
purine, which is a powerful inhibitor of tissue culture growth (12), not only 
fails to inhibit glutamate incorporation but also actually increases it ap- 
proximately 25 per cent. The most powerful inhibitor observed thus far 
has been Aminopterin (4-aminopteroylglutamic acid). This compound is 
generally considered to affect nucleic acid synthesis by inhibiting the trans- 
fer of l-carbon units involved in synthesis of the constituent bases, 


NO ADDITION 


6-MERCAPTO- 
PURINE 


8-AZAGUANINE 


BENZIMIDAZOLE 


PHTHALIMIDO 
PYRIMIDINE 


AMINOPTERIN 
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0.50 1.00 
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Fic. 2. Effects of purine and pyrimidine antagonists on glutamate incorporation 
into protein. The complete reaction system was the same as that described in Table 
V except that 0.001 m antagonist was added instead of nucleotides or derivatives. 


Whether the action of Aminopterin in the present case is related to 1-carbon 
transfers is not as yet clear. 


DISCUSSION 


The above results which link RNA to amino acid incorporation agree 
with those of certain previous investigators. Our findings differ most strik- 
ingly from those of Gale and Folkes (5) in that incorporation does not 
depend on a specific RNA. Furthermore, while DNA promotes incorpora- 
tion in their bacterial systems (5, 8), it is slightly inhibitory to our prepa- 
rations. Perhaps pertinent to these observations are our findings that 
degraded RNA or mixtures of RNA derivatives enhance incorporation 
more than highly polymerized RNA from any investigated source. The 
over-all effectiveness of RNA appears to lie in its breakdown to smaller 
units which in turn promote incorporation. 

The most important question raised by our investigation concerns the 
manner in which RNA components (nucleotides, nucleosides, purines, and 
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pyrimidines) augment amino acid incorporation. It is plausible that these 
RNA derivatives may act as (or are converted to) simple cofactors neces- 
sary for incorporation. However, Spiegelman et al. (13) and Gale (8) have 
suggested that the formation of nucleic acid may be linked to amino acid 
incorporation and protein synthesis. Our evidence is not contradictory 
to such a thesis. If it is assumed that either the complete synthesis of 
RNA or a turnover of a portion of the RNA molecule is necessary for amino 
acid incorporation into protein, then the great effectiveness of nucleosides 
might be due to their being effective precursors of nucleic acid in this sys- 
tem. The inhibitory actions of purine and pyrimidine antagonists and 
Aminopterin also support the idea that nucleic acid turnover is related to 
incorporation. The suggested relationship of RNA to incorporation pro- 
vides a useful basis for further investigation of the mechanism of amino 
acid incorporation itself. 


SUMMARY 


A particulate system which incorporates glutamate into its protein can 
be isolated from pea roots. RNA from several sources promotes incor- 
poration. Incorporation is strongly inhibited after pretreatment with 
ribonuclease. The inhibition is wholly or partially eliminated by addi- 
tion of RNA, depending on the extent of inhibition. Partially degraded 
RNA effects a greater enhancement than polymerized RNA. A mixture 
of nucleotides or purines and pyrimidines increases incorporation as much 
as, or more than, intact or partially degraded RNA. Greatest promotion 
of incorporation is obtained with a mixture of nucleosides. Incorporation 
ean be inhibited with certain purine and pyrimidine antagonists, but a 
greater inhibition is obtained with 4-aminopteroylglutamic acid. 
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STUDIES ON HYALURONIC ACID PREPARED FROM 
THE VITREOUS BODY* 


By LASZLO VARGA 


(From the Retina Foundation, Department of Ophthalmology, Massachusetts Eye and 
Ear Infirmary, and Harvard Medical School, Boston, Massachusetts) 


(Received for publication, May 9, 1955) 


Hyaluronic acid, an unbranched polyacid present in the extracellular 
substance of various connective tissues, consists of glucuronido-N-acetyl- 
glucosamine units. In spite of the relatively simple chemical composi- 
tion, very little information is available about the size and shape of this 
polyacid. It appears that these characteristics are rather variable, de- 
pending on the source and also on the method of preparation. 

Jensen and Durtoft have recently published (1) ultracentrifugal experi- 
ments on hyaluronic acid prepared from umbilical cord and have obtained 
a molecular weight of 3 to 5 X 105. Recent light scattering measurements 
on hyaluronic acid from umbilical cord (2) and vitreous body (3) led to 
molecular weights of 4 & 10° and 3 X 10°, respectively, clearly demon- 
strating differences in the size of the hyaluronic acid particles from different 
sources. 

The present paper deals with ultracentrifugal and diffusion studies on 
hyaluronic acid prepared from the vitreous body. 


EXPERIMENTAL 


Apparatus— Determinations of sedimentation velocity were performed 
with a Spinco-Beckman analytical ultracentrifuge (model E) equipped with 
the Philpot-Svensson cylindrical lens optical system. 

Electrophoretic mobility and diffusion measurements were made with 
an Aminco portable electrophoresis apparatus, also equipped with the 
Philpot-Svensson cylindrical lens optical system. For mobility and diffu- 
sion measurements the standard analytical cell was used. 

Conductivity measurements were made with a conductivity bridge 
(model RC 16), manufactured by Industrial Instruments, Inc. 

Methods—Sedimentation velocities were determined at 52,000 r.p.m. at 
room temperature. Samples were dissolved in a 0.006 m phosphate buffer 


* This investigation was supported in part by research grant No. G-3942 from the 
National Institutes of Health and No. B-324 from the National Institute of Neuro- 
logical Diseases and Blindness, Public Health Service, and by funds provided under 
contract No. AF 18(600)-627 with the United States Air Force School of Aviation 
Medicine, Randolph Field, Texas. Paper 30, Retina Foundation. 
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and were adjusted with NaCl to an ionic strength of 0.12 at pH 7.0. The 
sedimentation data were corrected for the density, viscosity, and tempera- 
ture of the medium and are given in Svedberg units (S = 1 X 10-® second), 
Mobility was calculated according to Abramson et al. (4); the partial spe- 
cific volume according to Lewis and Randall (5). 

Nitrogen and hexosamine were determined according to methods de- 
scribed in a previous paper (6). The dialysis of samples was carried out 
in cellophane tubing either by agitation of the tubing or by stirring the 
contents. Partial specific volume was determined gravimetrically in a 
50 ml. calibrated pycnometer. 

Material—Hyaluronic acid was obtained from the vitreous bodies of 1 
to 2 year-old steers. The eyes were collected within 1 hour after the ani- 
mals had been killed and were stored at 5° until used. The posterior parts 
of the vitreous bodies were collected after careful removal of adhering tis- 
sues. The hyaluronic acid was prepared according to the method of Lau- 
rent (3). The essential step in the preparation is dialysis against the sus- 
pension of cation exchange resin which precipitates the proteins. The 
pure hyaluronic acid was lyophilized and stored in dry form. Analytical 
data on this preparation have also been published by Laurent (3). Since 
the lyophilized powder has a high and variable moisture content (10 to 
20 per cent), the concentrations in this paper are based on hexosamine de- 
terminations (6). 


Results 


Ultracentrifugation revealed our hyaluronic acid preparation to be ho- 
mogeneous. Even in fairly high concentration, about 1.0 per cent, in the 
solvent mentioned before, there was only one boundary, sedimenting at a 
very slow rate and showing very little spreading. The spreading of the 
boundary can be characterized by the widening value (dB/dzx),,' defined 
by Gralén (7). The widening value is practically constant for a given 
concentration and temperature. We found that in the case of hyaluronic 
acid this widening value had a negative temperature coefficient, indicating 
that other forces besides diffusion are operative, since diffusion alone 
would lead to the opposite temperature dependence. 

It has been found that the sedimentation constant of hyaluronic acid 
decreases sharply with increasing concentration (Fig. 1). This is gener- 
ally characteristic of threadlike molecules and has been observed in the case 
of many other polysaccharides, like cellulose derivatives and pectinic acid 
substances (see (7, 8)). It can be seen that in the lower concentration 
range this dependence of the sedimentation constant is more extensive, 


1Where B = H/A, H = the maximum of the curve, A = the area under it, z = 
the distance from the center of rotation. 
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and over 0.5 per cent the concentration curve becomes relatively flat and 
insensitive to change in concentration. It has been suggested that the 
sedimentation is retarded at higher concentrations because of the inter- 
action of the sedimenting particles (9). Extrapolation to zero concen- 
tration is rather difficult because of the non-linear relationship between 
sedimentation constant and concentration. We obtained a limiting sedi- 
mentation constant of S = 2.8 by extrapolating the plot of s versus s X 
concentration (Fig. 2). 

In a previous paper (10) ultracentrifugal studies on the whole vitreous 
body were described. It is interesting to compare the sedimentation be- 
havior of hyaluronic acid in the two different media. Fig. 3 shows the 


S 3.0 
2.54. 
S 30; 
2.0r 
| ly 
> | Se! oO 
= 1.Or 0.5+ 
| ‘ ‘ 02 04 06 08 10 
O 0.5 1.0 1S SEDIMENTATION CONSTANT 
CONCENTRATION g//00m/ x CONCENTRATION 
Fia. 1 Fig. 2 


Fic. 1. Sedimentation constant of hyaluronic acid as a function of concentration. 
Solvent, 0.006 m phosphate buffer at pH 7.2 and ionic strength 0.12. 

Fic. 2. Plot of sedimentation constant versus sedimentation constant times con- 
centration. Curve plotted from data of Fig. 1. 


sedimentation of our present hyaluronic acid preparation in the buffer 
solution in comparison with that in the liquefied and concentrated vitreous 
body dialyzed against the same buffer. The concentration of the hyalu- 
ronic acid is about the same; the boundary in the vitreous medium is con- 
siderably sharper. 

Determinations of the diffusion constant were carried out as a function 
of concentration. In this case a linear relationship was obtained, but the 
dependence on the concentration was also great (Fig. 4). An extrapola- 
tion to zero concentration results in a diffusion constant of Deo = 2.31 x 
107 sq. em. per second. The comparison of the diffusion constant cal- 
culated from the standard deviation (Deo) with that calculated from the 
area and maximal height method (D4,”) usually characterizes the poly- 
dispersity of the substance. Theoretically, Dz. should always be greater 
than D4,4. We have found, however, just the opposite, very much like 
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Gralén’s findings with many cellulose derivatives (7). Thus this simple 
check cannot be used to obtain information about the polydispersity of 
our preparation. 

In order to calculate molecular weight from ultracentrifugation and diffu- 
sion data, the value of partial specific volume also has to be measured. For 


hyaluronic acid this was found to be V = 0.66 ml. per gm. This value | 


falls within the range of many other polysaccharide substances listed by 


Fig. 3. Comparison of sedimentation patterns of hyaluronic acid in buffer (left- 
hand) and in liquefied and centrifuged vitreous body (right-hand). Samples dia- 
lyzed against 0.006 m phosphate buffer at pH 7.2, ionic strength 0.12. Exposures 
were made 30 minutes after top speed was reached. Concentration of hyaluronic 
acid about 0.3 per cent in both cases. 
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Fig. 4. Diffusion constant of hyaluronic acid as a function of concentration. 
Solvent, same as for Fig. 1. 


Gralén (7) and Saverborn (8). Substituting the above quantities in the 
well known Svedberg formula? 


skT 
Dil — Vp) 


we obtained M = 86,600. This value, combined with the known com- 
position of hyaluronic acid, leads to the conclusion that the sodium salt 
consists of 216 disaccharide units and thus contains 216 carboxyl groups. 
The effective charge can be calculated from measurements of the electro- 


M 


2s = sedimentation constant; R = gas constant; 7 = absolute temperature; 
D = diffusion constant; V = partial specific volume; p = density of medium. 
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phoretic mobility according to the formula’ (8) 


Ne = 


Calculation shows that the decrease in ionic strength brings about a marked 
increase in the effective charge. Thus at 0.12 ionic strength, only thirty- 
one charges, 14 per cent of the total, are effective, whereas at 0.02 ionic 


y20.00 002 012 0.36 


Fia. 5. Sedimentation patterns of hyaluronic acid solution at varying ionic 
strengths. Solvent, 0.006 m phosphate buffer at pH 7.2 and ionic strength regulated 
by NaCl. At ionic strength 0.00, the sample was dissolved in distilled water. 
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Fic. 6. Sedimentation constant as a function of ionic strength. Solvent, same as 
for Fig. 5. 


strength 173 are effective, 80 per cent of the total. Further evidence for 
the change in effective charge can be obtained for sedimentation experi- 
ments. Fig. 5 shows that the sedimentation velocity markedly decreases 
with decreasing ionic strength and is almost zero when the hyaluronic acid 
is dissolved in distilled water. It also can be observed that the spreading 
of the boundary is faster at low ionic strength. The variation of the sedi- 
mentation constant with the ionic strength is exhibited in Fig. 6. These 
effects can be interpreted according to Svedberg and Pedersen (9), in terms 
of changes in the effective charge on the macromolecules. 


?n, = the number of charged groups; uz = electrophoretic mobility; fs, = molar 
frictional ratio; F = Faraday number. 
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DISCUSSION 


By using the well known formula for frictional ratio 


we obtain a value of 3.25 for hyaluronic acid. In view of the relationship 
between frictional ratio and molecular asymmetry (11, 12), L/d can be 
calculated, where L is the length of the particle and d is the diameter of 
maximal circumference, assuming a shape of a rotational ellipsoid. We 
have obtained L = 900 A, d = 14.5 A. With these data it is possible to 
calculate the volume required for each molecule to assure free sedimenta- 
tion. This volume equals the cube of the length of the molecule (13). 
In the case of our preparation the condition for free sedimentation would 
be fulfilled at a concentration of 0.02 per cent. This value is consistent 
with the experimentally observed variation of the sedimentation constant 
down to 0.02 per cent concentration. 

It is realized that calculations of molecular dimensions have only semi- 
quantitative value. There are several reasons for this. First, because 
they are based on arbitrary assumptions of molecular shape and, secondly, 
because the polydispersity of the preparation reduces the computed quan- 
tities to average values only. Gralén (7) has suggested a method for cal- 
culating the distribution of sedimentation constant around the average 
value. His method involves the assumption of a logarithmic distribution 
of polvdispersity, which is valid if the polydispersity is moderate and if 
there is no negative skewness in the sedimentation pattern (14). These 
conditions are fulfilled in the present case. The distribution is given by 


K is a factor transforming the ordinate into percentage values, y the dis- 
tribution coefficient, s the sedimentation constant, so the sedimentation 
constant corresponding to the maximum of the distribution curve. y can 
be obtained from 


rye’ 


Fig. 7 presents our dB/dx values as a function of concentration. Using 
the extrapolated value at c = 0, y = 0.29, which indicates a rather moder- 
ate degree of polydispersity. According to the definition (7), y = 0 cor- 
responds to monodispersity; the greater is y the more spread is the poly- 
dispersity distribution. The calculated dc/ds distribution curve for our 
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hyaluronic acid preparation is presented in Fig. 8. Without knowing the 
dependence of WM on s, our frequency distribution curve cannot be trans- 
formed into a dc/dM curve. 

There are only two reports in the literature on the molecular weight of 
the hyaluronic acid prepared from the vitreous body. Blix and Snellman 
(15), using the method of double refraction of flow, found an average parti- 
cle length varying from preparation to preparation between 1000 and 4800 
A and obtained molecular weights assuming a single molecular chain of 
40,000 to 190,000. Laurent (3), studying the same preparations as that 
used in the present work, obtained a molecular weight by means of light 
scattering 4 times as great as the one measured with the ultracentrifugal 
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Fig. 7. Widening value of the sedimentation boundary of hyaluronic acid as a 
function of concentration. Solvent, same as for Fig. 1. 

Fig. 8. Frequency distribution of the sedimentation constant of hyaluronic acid. 
The distribution was calculated according to the method of Gralén (7). 


method. It might be of interest to point out that discrepancies between 
molecular weights determined by these two methods have also been found 
on deoxypentose nucleic acid (16). 


SUMMARY 


In view of the important réle of hyaluronic acid in maintaining the gel 
character of the vitreous body, some of its physicochemical characteristics 
have been investigated by means of sedimentation and diffusion measure- 
ments. The following constants have been obtained: sedimentation con- 
stant = 2.88, diffusion constant, D = 2.31 XK 10-7 cm.? per second, partial 
specific volume, V = 0.66 ml. per gm. Calculated from these data, M = 
86,600. The molar frictional ratio, f/fo = 3.25, corresponding to a molec- 
ular asymmetry of L/d = 62. Particle length is calculated as L = 900 A, 
diameter as d = 14.5 A, assuming the shape of a rotational ellipsoid. The 
validity of such a calculation is discussed, particularly from the point of 
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view of polydispersity. A sedimentation frequency distribution coeff- 
cient y = 0.29 has been calculated from the widening value of the sedi- 
mentation diagrams. The effect of ionic strength on the sedimentation 
pattern and on the effective charge of the molecule has been investigated. 


The author is grateful to Mr. Torvard Laurent for the preparation of the 
hyaluronic acid used and to Mrs. Anne T. Collins for her excellent technical 


assistance. 
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The discharge of cholesterol, ascorbic acid, and histologically demonstra- 
ble lipides from the adrenal glands is generally regarded as evidence of in- 
creased activity of these glands during stress (1-5). These changes were 
also produced upon injection of purified corticotropin (6). However, in 
the detailed study of Fortier et al. (7) it was shown that cortico- 
tropin (ACTH) alone cannot account for adrenal response during stress. 
Repeated injection of this hormone over a period of 2 days did not result 
in depletion of sudanophilic material, whereas stress produced an intense 
discharge of this substance. On the other hand, if ACTH injection was 
continued for a longer period, during the first 8 days the ketosteroids were 
replenished above normal, but by 12 days depletion recurred (8). 

In riboflavin-deficient rats and dogs a condition resembling hypocortical 
activity has been reported (9, 10) which was preceded by a hypercortical 
condition (11). To elucidate further the state of function of the pituitary- 
adrenal cortex cycle in riboflavin-deficient rats, the effect of anoxic anoxia, 
of corticotropin, and of epinephrine was examined. In addition, as a test 
of pituitary function, the regeneration of an enucleated adrenal gland in 
the riboflavin-deficient rat was investigated. 


EXPERIMENTAL 


Male and female rats of the Long-Evans strain were placed on either 
riboflavin-deficient or normal diets at weaning. The pair-weighed rats 
were put on a restricted normal diet 1 week after the régime was begun. 
The amount of food given the pair-weighed rats was restricted so that their 
body weights remained close to that of the deficient rats. The composi- 
tion of the diets has been reported elsewhere (11). 

Anoxic Anoxta—Normal and deficient rats were exposed to anoxia at 
1, 3, 5, and 11 weeks after they were placed on the diets. The pair- 
weighed rats were subjected to the test at 3, 5, and 11 weeks on the diet. 
Part of each group was retained as sea-level controls. The animals were 
deprived of food 16 hours before the test period began. The test involved 
2.5 hours exposure at either sea-level or a simulated altitude of 30,000 
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feet. Neither water nor food was available to the animals during this 
period. The manner in which the simulated altitude was obtained by 
lowering of the oxygen tension has been described (9). 

After the test period the animals were sacrificed with Nembutal for an- 
esthetic. The adrenals were removed, cleaned, and weighed on a Roller- 
Smith torsion balance. The glands were ground and extracted immedi- 
ately with cold 2.5 per cent metaphosphoric acid. The filtrate contained 
the ascorbic acid which was measured by incubating with 2,4-dini- 
trophenylhydrazine (12, 13). 

Total cholesterol was determined by the method of Schoenheimer and 
Sperry (14) on the alcohol-acetone extract of the glands of the groups of 
animals kept 5 and 11 weeks on the purified diets. 

Enucleation—The adrenal glands of normal and deficient rats were enu- 
cleated bilaterally after 7 weeks on the diets. Each adrenal was exposed 
and an incision made at one pole. Slight pressure at the opposite pole 
caused extrusion of the solid core. Gentle squeezing was applied to re- 
move left over parenchymal tissue. The capsule closed of its own accord 
and was restored to its former location in the body. The animals were 
continued on the experimental diets and received 1 per cent NaCl in the 
drinking water for 1 week postoperatively. They were then transferred 
to the tap water. 

4 weeks after enucleation the rats were fasted, and blood was removed 
daily during the morning hours from the tail vein for glucose determina- 
tion. Intact normal and deficient rats of the same age and _nor- 
mal adrenalectomized rats were exposed to fasting at the same time and 
blood glucose determined daily. 1 per cent NaCl was available to the ad- 
renalectomized rats and tap water to all other rats at all times. The blood 
glucose was determined by the method of Nelson (15), in which 0.1 ml. of 
blood was used. 

At sacrifice or death the adrenal glands of the animals were removed and 
fixed in 10 per cent neutral formalin. Serial paraffin sections were ob- 
tained and stained with hematoxylin and eosin stains in order to determine 
the degree of regeneration of the enucleated glands. 

Administration of ACTH to Intact and Hypophysectomized Rats—During 
the 10th week on the diets normal and riboflavin-deficient intact rats were 
fasted 24 hours, then given intraperitoneally 4 mg. of ACTH per 100 gm. 
of body weight. They were sacrificed at intervals of 5, 10, and 14 hours 
after the injection. Blood was examined for eosinophil count by 
the method of Thorn et al. (16), and the entire liver was removed for gly- 
cogen determination. Non-treated normal and deficient animals were 
sacrificed after 24 hours fasting, and similar examinations were made. The 
liver glycogen was precipitated with alcohol from the alkaline hydrolysate 
and allowed to react with anthrone reagent (17). 
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Male rats were hypophysectomized on the day of weaning and placed 
at once on the deficient and control diets. Any animals which indicated 
incomplete hypophysectomy by growth and development of the testes were 
discarded. All the rats grew very little. After the 6th week on the defi- 
cient diet alopecia and some porphyrin on the whiskers developed, but the 
growth of these deficient animals was not significantly different from that 
of the controls. At this time half the animals were given 11 mg. of 
ACTH per 100 gm. of body weight intraperitoneally in three injections, 
1 mg. 19 hours before sacrifice, 9 mg. 9 hours before, and 1 mg. 1 hour be- 
fore sacrifice. All were fasted 19 hours before sacrifice, blood samples were 
taken for eosinophil count, and the adrenals removed at once and 
weighed. The glands were ground, extracted with 2.5 per cent metaphos- 
phoric acid, and their ascorbic acid content was determined as described 
previously. The livers were digested in 30 per cent KOH for glycogen 
determination. 

Epinephrine in Intact Rats—Deficient and comparable normal rats af- 
ter 11 weeks on the diet were lightly anesthetized with Nembutal at body 
temperature and injected with saline or a saline solution containing 25 y of 
epinephrine. 4 hours later blood was withdrawn from the tail vein and 
the eosinophils counted. 


Results 


Liffect of Anoxia—The difference between the means of the ad- 
renal ascorbic acid concentration at sea-level and under anoxia was taken 
to indicate the effect of the stress produced by exposure to anoxia for 2.5 
hours. From Table I it is seen that a statistically significant fall of ad- 
renal ascorbic acid occurred in all rats exposed to anoxia except for the de- 
ficient group at 11 weeks. In the deficient rats the greatest fall occurred 
in the Ist week on the diet, after which it gradually decreased until the 
lith week, when the change was not significant. 

The pair-weighed rats at sea-level had the highest levels of ad- 
renal ascorbic acid at all times (Table I). In these rats the fall of adrenal 
ascorbic acid upon exposure to anoxia became greater with the length of 
time on the diet. This is the reverse of the response in the deficient rats. 

Total adrenal cholesterol determinations were made only on the groups 
sacrificed after the 5th and 11th weeks on the diet. This amount of ex- 
posure to anoxia was apparently insufficient to cause significant change in 
the adrenal cholesterol content of any of the groups (Table I). An ap- 
parent increase in the total adrenal cholesterol levels was seen in the defi- 
cient and pair-weighed rats, especially the latter, when these were com- 
pared with the control group. 

Enucleation and Fasting—The gains in weight by enucleated normal and 
riboflavin-deficient rats and by the comparable intact animals were 10, 13, 
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13, and 4 gm. per week, respectively. The average weight of the normal 
rats at the time of operation was 190 gm. and that of the deficient rats was 
105 gm. Microscopic study showed that demedullated adrenal glands of 


TABLE I 


Ascorbic Acid and Cholesterol Content of Adrenals of Normal and Riboflavin-Deficient 
Rats; Effect of Anoxic Anozia 


Seven or eight rats in each group. 


| Adrenal ascorbic acid 
Time 
standard error 
Control 1 Sea-level 413 + 20 | 
 Anoxiat 310 + 24 <0.02, >0.01 
Deficient 1 | Sea-level 4244+ 18 
 Anoxia 303 + 18 121 <0.01, >0.001 
Control 3 Sea-level 455 + 24 
Anoxia 361 + 14 94 <0.01, >0.001 
Deficient 3 Sea-level 476 + 17 
Anoxia 393 + 28 83 <0.05, >0.02 
Pair-weighed 3. Sea-level 533 + 16 
| Anoxia 456 + 23 77 <0.05, >0.02 
Control 5 Sea-level 483 + 24 <0.01, >0.001 | 2.9 
Anoxia 308 + 19 125 1.7 
Deficient 5 Sea-level 502 + 27 0.02 5.7 
Anoxia 409 + 18 93 5.3 
Pair-weighed 5 Sea-level 532 + 17 8.1 
Anoxia 414 + 13 118 <0.001 8.9 
Control 11 Sea-level § 456 + 31 <0.05, >0.02 3.9 
Anoxia 356 + 21 100 3.9 
Deficient 11 Sea-level 466 + 21 <0.5, >0.4f 5.4 
Anoxia 443 + 19 23 6.0 
Pair-weighed | 11 Sea-level 512+ 9 7.3 
Anoxia 359 + 19 153 0.001 | 8.1 


* Probability of a chance occurrence of the difference between the means. 
t Oxygen tension equivalent to 30,000 feet of altitude. 
t Difference not statistically significant. 


both normal and deficient rats had regenerated their cortices equally. The 
portion originally occupied by the medulla was filled with fibrous tissue. 

A drop occurred in the blood glucose levels during the first 24 hours of 
fasting in all the groups except the pair-weighed. In the intact normal 
rats, after the initial fall, the blood glucose remained constant at a lower 
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level for 5 days, after which a gradual decrease occurred. The concentra- 
tion for the enucleated normal rats followed closely that of the intact nor- 
mal rats, but at a higher level throughout. In the adrenalectomized and 
intact deficient rats, after the initial drop, the blood glucose was main- 
tained for 4 days and 1 day, respectively, with the deficient rats at a lower 
level. This was followed by a steep drop terminating in the death of the 
animals. The blood sugar curve of the enucleated deficient rats paralleled 
that of the enucleated and intact normal rats, although at a higher level. 
In the pair-weighed rats, a small rise instead of a drop occurred during the 


TaBLeE II 
Effect of ACTH* on Fasted Normal and Riboflavin-Deficient Rats 
Interval aft Ch 
Diet No. of rats injection eosinophil 
hrs. hrs. per cent mg. per cent 
Normal 5 24 OT 85 51 
7 29 5) 22 —74 62 
7 34 10 35 | —89 124 
4 38 14 32 | —62 63 
Deficient 4 24 OT 14 | 60 
7 29 5 4 | —70 167 
7 34 10 6 —60 483 
7 38 14 17 | +20 | 94 


* Protein ACTH kindly provided by Dr. C. H. Li. 
t Non-injected animals. 


first 24 hours, followed by a steep drop terminating in the death of the ani- 
mals. 

Effect of Corticotropin—F asting intact deficient rats had greatly reduced 
the eosinophil count, about one-sixth of those found in the control animals, 
but these were reduced by the ACTH treatment in nearly the same degree 
in the two groups. The group of deficient rats sacrificed 14 hours after 
the injection had recovered from the eosinopenia, but the corresponding 
normal animals had not (Table II). Liver glycogen was also increased by 
the ACTH treatment in both groups, more strikingly in the deficient rats. 

When hypophysectomized male rats were used for this experiment, again 
the eosinophil count in the deficient group was found to be lower than in 
the normally fed rats, but the reduction in count produced by ACTH was 
nearly the same in the two groups (Table III). Adrenal hypertrophy was 
caused by the ACTH treatment in both groups and also depletion of ad- 
renal ascorbic acid, more strikingly in the deficient rats. A rise in liver 
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glycogen was seen in both groups, again more obviously in the deficient 
animals. 

Epinephrine Effect—As shown in Table IV, the drop in eosinophil count 
following injection of epinephrine was similar in the control and pair-fed 
rats, but negligible in the riboflavin-deficient group. 


III 


Effect of ACTH on Hypophysectomized Male Rats Maintained on Normal and 
Riboflavin-Deficient Diets 


| | | Adrenals ae 
Diet and treatment No. of rats Body weight | 
aci 
| gm. | mg. | me. me. per cent me. per cent 
Normal | S | 74 | 120 5.5 265 104 28 
+ ACTH 8 | 74 | 122 6.2 206 44 264 
% change | | +13 —22 —58 +843 
Deficient 10 | 71 | 106 5.6 348 61 37 
+ ACTH 27 352 
% change | | +21 —44 —56 +851 
TABLE IV 
Effect of Epinephrine on Blood Eosinophils of Normal and Riboflavin-Deficient Rats 
| Eosinophils per c.mm. ! 
Group No. of rats Treatment | ' | Change 
| Before After 
| treatment treatment | 
| | per cent 
Control 3 Saline +5 
| 8 Epinephrine 349 76 
Deficient 10 | 93 | 
Pair-fed 8 | 37 | ~—70 
| | 
DISCUSSION 


The fall in concentration of ascorbic acid in the adrenal glands of rats 
exposed to anoxic anoxia was taken to be a measure of the reactivity of 
the adrenals to the stress. It was found important to choose a duration 
of the stress to coincide with the minimal level of ascorbic acid attainable 
by the gland as a result of the action of the stressing agent. In a prelimi- 
nary experiment it had been observed that 24 hour exposure of normal 
rats to anoxic anoxia did not result in a decrease in the adrenal ascorbic 
acid content. However, when a shorter period, 2.5 hours, was employed, 
the fall was clearly demonstrated. 
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It is of interest that in the deficient rats the greatest fall in ad- 
renal ascorbic acid occurred 1 week after they were placed on the diet. It 
was reported previously (11) that anoxic anoxia caused an exaggerated 
rise in blood glucose and liver glycogen of riboflavin-deficient rats after 1 
and 3 weeks on the diet. This exaggerated glyconeogenesis and the exag- 
gerated fall of adrenal ascorbic acid shown by mildly deficient rats may be 
related. Parallel observations were also obtained in the pair-weighed rats. 
The fall in adrenal ascorbic acid level as well as the rise in glyconeogenesis 
on exposure to anoxia became more emphasized in this group after the 5th 
and 11th weeks. This phenomenon was not shown by normal rats. 

The ability of the adrenal cortex, regenerated or otherwise, to maintain 
fasted rats was appraised by noting the changes in the blood glucose levels. 
According to this criterion the regenerated adrenal cortex of riboflavin- 
deficient rats secreted more C,,;-oxygenated steroid hormones than did 
that of the similarly treated normal rats, which in turn secreted more than 
did the cortex of intact normal rats. The newly formed tissue in each case 
appeared to be more active than did the original tissue. 

Since the presence of a functioning anterior pituitary gland is necessary 
for the regeneration of an enucleated adrenal gland (18), and, since the 
riboflavin-deficient rats regenerated these glands successfully, no question 
can be raised about the functional integrity of the anterior pituitary in the 
deficient rats. Nevertheless the adrenal cortex of the completely deficient 
animals was not able to respond to the stimulus of anoxia. 

The eosinopenia of the deficient animals can hardly be ascribed to ex- 
cessive adrenal production of Cy-oxycorticosteroids, since functional 
failure in glyconeogenesis indicates the contrary. Riboflavin deficiency 
may, however, directly affect tissues involved in blood formation, 7.e. mye- 
loid and lymphoid tissues. This is borne out by the similar eosinopenia 
found in the hypophysectomized deficient rats in which adrenal activity 
must have been minimal. Nevertheless the equal degree of eosinopenia 
induced by ACTH in the normally fed and deficient rats indicates equal 
response to this stimulus of adrenal activity in both intact and hypophy- 
sectomized groups. The increase in liver glycogen produced by ACTH in 
both groups again was more marked in the deficient animals. The same 
was true of the adrenal ascorbic acid depletion measured in the hypophy- 
sectomized animals. Apparently there was prompt and even exaggerated 
response by the adrenal glands of the riboflavin-deficient rats to all of the 
functional tests by which ACTH effectiveness is measured. This may be 
compared with the failure of these functions in the untreated deficient ani- 
mals. It is, therefore, reasonable to conclude that the adrenal cortex of 
the riboflavin-deficient rat has not lost the ability to function if the neces- 
sary ACTH issupplied. The anterior pituitary of the deficient rat appears 
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on the other hand to be defective in its ACTH production, but the enu- 
cleated adrenals of deficient animals were promptly regenerated, a sign of 
a functional anterior pituitary. The fault may lie in neither the anterior 
pituitary nor in the adrenal cortex but in the mechanism by which the pi- 
tuitary is stimulated to release ACTH. This cannot be epinephrine alone, 
since epinephrine did not produce eosinopenia in deficient animals. Some 
riboflavin-containing coenzyme may be involved in the primary stimula- 
tion of the pituitary by stress. 


SUMMARY 


Exposure of riboflavin-deficient rats of various ages to low oxygen ten- 
sion, 30,000 feet for 2.5 hours, resulted in a progressive fall in ad- 
renal ascorbic acid concentration, associated with increasing severity of 
the deficiency. When completely deficient, these animals manifested no 
significant change in adrenal ascorbic acid under anoxia. On the contrary, 
pair-weighed but riboflavin-sufficient rats showed a greater fall in adrenal 
ascorbic acid level with longer maintenance on the diet. 

Enucleation of the adrenals of riboflavin-deficient and normal rats was 
followed by regeneration of the cortex, with similar degree of activity in 
both groups. This was shown by the maintenance of the blood glucose 
level during a fast of 4 to 7 days. The blood glucose curve of riboflavin- 
deficient intact rats under these conditions was the same as that of ad- 
renalectomized normal animals. The anterior pituitary must have been 
functional in the deficient rats, since active regenerated cortical tissues were 
obtained after enucleation. 

In both intact and hypophysectomized fasting normal and riboflavin- 
deficient rats nearly equal response was observed in eosinopenia and liver 
glyconeogenesis to a physiological dose of ACTH. In the hypophysecto- 
mized rats there also was a similar response to ACTH in depletion of ad- 
renal ascorbic acid. Epinephrine, however, caused no eosinopenia in the 
deficient animals. 

The failure of the stress of anoxia to produce changes in adrenal ascorbic 
acid content and carbohydrate content of fully deficient rats may therefore 
lie in the trigger mechanism for stimulation of the pituitary to cortico- 
tropin production rather than in the ability of the cortex to respond to 
corticotropin or in the pituitary to produce corticotropin. 
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THE OXIDATIVE DEGRADATION OF GLYCINE 
BY A PSEUDOMONAS* 


By L. LEON CAMPBELL, Jr.f 


(From the Department of Plant Biochemistry, University of California, 
Berkeley, California) 


(Received for publication, May 6, 1955) 


While several papers have appeared on the oxidation of glycine by a va- 
riety of bacteria (1-8), almost nothing is known about the mechanism of 
degradation. Bernheim and coworkers (1, 7) demonstrated the aerobic 
conversion of glycine to ammonia, carbon dioxide, and water by cell sus- 
pensions of Proteus and Pseudomonas aeruginosa. Glyoxylic acid has been 
identified as an intermediate in glycine degradation by Pseudomonas flu- 
orescens (2) and formaldehyde has been established as an intermediate in 
the breakdown carried out by a species of Achromobacter (4). 

The present paper reports on the mechanism of glycine degradation by 
an unidentified species of Psewdomonas. Cell-free extracts of this organism 
convert glycine to ammonia, carbon dioxide, and water. The interme- 
diates have been isolated and identified as glyoxylic and formic acids. 


EXPERIMENTAL 


Preparation of Cell Suspensions and Cell Extracts—Pseudomonas, 2RCC-1 
(9), was grown in a medium containing glycine, 5 gm.; yeast extract, 1.0 
gm.; KeoHPO,, 2.0 gm.; distilled water, 1 liter. The pH of the medium was 
7.6 following sterilization at 121° for 20 minutes. After incubation on a 
shaker at 30° for 24 hours, the cells were harvested by centrifu- 
gation, washed three times with potassium phosphate buffer, 0.01 m, pH 
7.6, and resuspended in the same buffer. The resulting cell suspensions 
were used in manometric experiments. 

Cell-free extracts were prepared by grinding washed cells with alumina 
or by treatment in a Raytheon 9 ke. sonic oscillator as described earlier 
(9), except that the pH of the buffer employed was 7.6. The clear straw- 
colored extracts were frozen and stored at —10° until needed. The ex- 
tracts retained their activity for 3 months. 


* This work was supported in part by a research grant from the National Insti- 
tutes of Health, United States Public Health Service, and a contract with the United 
States Atomic Energy Commission. 

t Postdoctoral Research Fellow of the National Microbiological Institute, United 
States Public Health Service, 1952-54. Present address, Department of Horticul- 
ture, State College of Washington, Pullman, Washington. 
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Methods—Manometric measurements were carried out by conventional 
methods (10) at 30° with air as the gas phase. Glycine was estimated by 
the procedure of Christensen et al. (11) and glyoxylic acid by the method 
of Young and Conway (12). Ammonia was determined by titration after 
steam distillation from sodium borate in a Kirk micro-Kjeldahl] still (13), 
The protein content of the extracts was estimated colorimetrically by the 
method of Lowry et al. (14). C™ activity was measured with a thin walled, 
end window Geiger-Miiller tube. 

Manometric Studies—Oxygen uptake and CQO, evolution by cell-free ex- 
tracts, prepared from glycine-grown cells, were determined with glycine, 
glyoxylic, formic, or oxalic acid, or formaldehyde as the substrate. With 
glycine approximately 1.5 uwmoles of oxygen were consumed and 2 umoles 
of COz evolved per pmole of substrate used. With glyoxylic acid 1 umole 
of oxygen was consumed and 2 umoles of CO, evolved per umole of sub- 
strate utilized. With formic acid only 0.5 umole of oxygen was taken up 
and 1 umole of CO, evolved per umole of substrate. No decomposition of 
oxalic acid or formaldehyde was detected manometrically. Typical data 
are shown in Table I. 

When the organism was grown on glucose or fructose in the absence of 
glycine, there was a 6 to 8 hour lag period before oxygen uptake and CO, 
evolution were observed with glycine. That this lag was due to the induc- 
tive (adaptative) formation of glycine-degrading enzymes was verified by 
a determination of the activity of cell-free extracts of cells before and some 
hours after exposure to glycine. The inductive nature of the glyoxylic 
acid- and formic acid-enzyme systems (9) was again noted. 

The requirement for thiamine pyrophosphate and Mg*+ or Mn? in the 
oxidation of glyoxylic acid demonstrated earlier (9) was confirmed. Re- 
peated attempts to demonstrate a cofactor in the oxidation of glycine to 
glyoxylic acid were unsuccessful. 

Identification of Intermediates—An analysis of the reaction mixtures re- 
vealed that 1 umole of ammonia and 2 umoles of COs per umole of substrate 
were the end-products of glycine oxidation effected by cell-extracts 
of Pseudomonas, 2RCC-1. The intermediates in the degradation were 
isolated and identified as follows. 

Glyoxrylic Acid—This compound was isolated, in large scale experiments, 
as the semicarbazone and the 2,4-dinitrophenylhydrazone (9). The 
melting point of the semicarbazone was 214° with decomposition, as was 
the mixed melting point with known glyoxlyic acid semicarbazone. The 
2 ,4-dinitrophenylhydrazone gave a melting point and a mixed melting 
point with authentic glyoxylic acid 2,4-dinitrophenylhydrazone of 188- 
191°. 

Formic Acid—The ability of 0.002 m hypophosphite (HP) to inhibit the 
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oxidation of formate by Pseudomonas, 2RCC-1, has been demonstrated 
(9). Upon the addition of glycine to HP-treated cell extracts 1 umole of 
oxygen is taken up, 1 umole of CO: is evolved per umole of substrate, and 
formate accumulates stoichiometrically. Formate was isolated by steam 
distillation and characterized as the p-bromophenacyl ester (9). The 


TaBLe [ 
Manometric Data of Pseudomonas, Strain 2RCC-1, Grown on Glycine 


Substrate | Oz uptake | CO: evolution 
- | 
pmoles | pmoles 
4.95 | 9.92 


Each Warburg vessel contained 10 umoles of substrate and 50 mg. of cell-free ex- 
tract (sonic) in a total volume of 2.0 ml. of 0.01 m phosphate buffer, pH 7.6. In the 
O02 uptake experiments, 0.2 ml. of 10 per cent KOH was in the center well. In the 
CO: evolution experiments, 0.2 ml. of 0.5 Nn HCl was tipped from a side arm at the 
end of the incubation period to release bound CO2. The values have been corrected 
for endogenous activity. 


TABLE II 
Distribution of C'4in Products of Glycine Degradation by Pseudomonas, Strain 2RCC-1 


Specific activity 


Substrate 


Substrate 


HCOOH 


c.p.m. per umole 


4000 
3000 


c.p.m. per umole 


0 
2795 


c.p.m. per pmole 
3713 
0 


The reaction mixture contained 0.01 m phosphate buffer (pH 7.6), 50 mg. of HP- 
treated cell-free extract (sonic), and 200 umoles of substrate in a total volume of 3.5 
ml. The flasks were shaken at 30° for 8 hours with air as the gas phase. 


melting point of this derivative was 140° as was the mixed melting point 
with known p-bromophenacyl formate. 

Tracer Studies—Glycine-1-C™ and glycine-2-C™ were employed to de- 
termine the fate of the carbon atoms of glycine during breakdown by HP- 
treated cell extracts. CO2 was collected as BaCO3, washed, and counted. 
Formate was isolated and oxidized to CO2 and counted as BaCO3. The 
data presented in Table II show that the carboxyl carbon is converted to 
formate and the a-carbon to COs. These findings are in agreement with 
those reported for glyoxylic acid (9). 
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DISCUSSION 


The data indicate that the oxidative breakdown of glycine by Pseudo- 
monas, 2RCC-1, occurs as shown in the accompanying reactions. 

The pathway of degradation demonstrated here is different from that 
reported for Achromobacter (4) and rat tissue (15). Paretsky and Werk- 
man (4) have shown that formaldehyde is an intermediate in the oxidation 
of glycine by Achromobacter. That formaldehyde is not an intermediate 
in the conversion effected by Pseudomonas, 2RCC-1, is shown by 
the failure of cell extracts to degrade this compound and the inability to 
detect formaldehyde in trapping experiments. 


O 
NHLCH,COOH 22> HC—COOH + NH; 
Glycine glyoxvlic acid 
O 
HCOOH —2224 co, + HO 


Nakada and Weinhouse (15) have reported that rat liver homogenates 
carry out a typical oxidative decarboxylation of glyoxylate to formate and 
COs, the a-carbon of glyoxylate giving rise to formate and the carboxyl 
carbon to COs. In contrast to this it has been shown that Pseudomonas, 
2RCC-1, converts the a-carbon of glyoxylate to COz and the carboxy] car- 
bon to formate (9). In confirmation of this, the data in Table II clearly 
show that the a-carbon of glycine is converted to CO, and the carboxyl 
carbon to formate. Studies on the réle of thiamine pyrophosphate in this 
conversion with purified enzyme fractions are now in progress and will be 
reported on later. 


The author wishes to express his appreciation to Dr. H. A. Barker for 
the many courtesies extended and helpful suggestions made during the 
course of this investigation. 


SUMMARY 


Cell-free extracts of an unidentified species of Pseudomonas oxidatively 
degrade glycine to NH;, COs, and HO via glyoxylic and formic acids. 
Tracer studies show that the a-carbon of glycine is converted to CO, and 
the carboxyl carbon to formate. 


1TPP = thiamine pyrophosphate. 
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INTRACELLULAR DISTRIBUTION OF AN 
INSULIN-INACTIVATING SYSTEM 
OF LIVER* 


By H. T. NARAHARA,t HENRY H. TOMIZAWA, 
RUTH MILLER, ann ROBERT H. WILLIAMS 


(From the Department of Medicine, University of Washington School of Medicine, 
Seattle, Washington) 


(Received for publication, May 13, 1955) 


Shmidt and Saatchian (1) and Mirsky and Broh-Kahn (2) have shown 
that insulin is readily inactivated by liver preparations at pH 7.5 in vitro. 
Insulin labeled with I'*! is also readily degraded by rat liver preparations, 
as manifested by the production of radioactive material which is soluble 
in trichloroacetic acid (TCA). Insulin and insulin-I*' appear to act as 
competitive substrates for degradation by the same hepatic enzyme sys- 
tem (3), and the course of degradation of insulin-I"! parallels the biologi- 
eal inactivation of insulin and the formation of non-protein nitrogen from 
insulin (3, 4). These observations suggest that the inactivation of insulin 
involves proteolysis and that the liberation of TCA-soluble radioactivity 
from insulin-I'*' can be used as a measure of these processes. It has been 
found by Mirsky and Perisutti (5) that the insulin-inactivating ability of 
liver is largely destroyed by heating, but that a slight effect due to a heat- 
stable factor is also present. Using biological assays, Mirsky (6) has 
shown that most of the insulin-inactivating ability of rat liver homogenate 
can be demonstrated in the supernatant fluid which remains after sedi- 
mentation of the mitochondria, and Vaughan (7) has reported that most 
of the activity is in the supernatant fluid remaining after sedimentation 
of the microsomes. 

The present paper concerns further investigation of the use of radio- 
iodinated insulin for assaying the degradation of insulin by rat liver homog- 
enates. Studies were directed towards measuring the effects of the heat- 
labile system in particular, and conditions were chosen which would 
minimize the contribution of the heat-stable factor. The assay procedure 
which evolved was used to determine the distribution of insulin-degrading 
activity among cytoplasmic components of liver. 


* This research was supported by funds granted by the Atomic Energy Com- 
mission, the United States Public Health Service, and The Upjohn Company. 
+ Research Fellow, United States Public Health Service. 
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Materials and Methods 


Materials—Crystalline zine insulin, which was iodinated (3) by the 
Abbott Laboratories, and amorphous insulin were a gift from Eli Lilly and 
Company. Crystalline bovine plasma albumin (BPA) was obtained from 
the Armour Laboratories, and dried normal human plasma from Merck 
and Company. Ribonucleic acid (RNA) was obtained from the Nutri- 
tional Biochemicals Corporation, and deoxyribonucleic acid (DNA) from 
the Worthington Biochemical Sales Company. 

Preparation of Liver Homogenate and Cell Fracttons—Male Sprague- 
Dawley rats weighing 200 to 300 gm. were fasted for 18 hours and decapi- 
tated. The livers were perfused with ice-cold isotonic saline, homogenized 
for 5 minutes in 2 volumes of 0.25 m sucrose at 0—-5°, and separated into 
nuclear (Nuc), mitochondrial (Mit), microsomal (Mic), and residual super- 
natant fractions by a modification of the method of Strittmatter and 
Ball (8). Their technique was altered by centrifuging the nuclear frac- 
tion in a Servall model SS-1A centrifuge at 600 X g instead of at 800 X g 
and by rehomogenizing the sediment twice with 0.25 m sucrose. Micro- 
scopic examination of the final sediment still revealed numerous mito- 
chondria and morphologically intact cells. This is similar to the difficulty 
experienced by Muntwyler et al. (9) and other investigators in obtaining 
a homogeneous nuclear preparation. The mitochondrial and microsomal 
fractions were obtained with the No. 40 rotor of a Spinco preparative 
ultracentrifuge. The combined supernatant fluids and washes of the 
nuclear, mitochondrial, and microsomal fractions were designated S-1, 
S-2, and S-3, respectively. The sedimented particulate fractions were 
resuspended in 0.25 m sucrose. Boiled preparations were obtained by 
heating an aliquot of homogenate or cell fraction in a boiling water bath 
for 10 minutes. Aliquots of the homogenate and of each cell fraction were 
then adjusted to pH 7.5 and diluted with 0.25 m sucrose to a tissue concen- 
tration corresponding to that in a 10 per cent homogenate. 

In some experiments more complete separation of material rich in ribo- 
nucleic acid was achieved by recentrifuging a portion of the S-3 fraction 
for 4 hours at 110,000 X g, or by adjusting an aliquot to pH 5 with 10 per 
cent acetic acid and centrifuging for 15 minutes (10). The precipitate 
from the latter centrifugation was washed once by suspending it in 2 
volumes of 0.25 m sucrose of pH 5 and recentrifuging. The precipitate 
and supernatant fluid obtained by centrifugation for 4 hours were called 
P-3a and S-3a, respectively; the acid precipitate and supernatant fluid 
were called P-3b and S-3b, respectively. Finally, the pH was adjusted to 
7.5, and each fraction was brought to a concentration equivalent to a 10 
per cent homogenate. 

Chemical Analysis of Tissue Constituents—Nitrogen was determined by 
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a semimicro-Kjeldahl method. RNA was determined by the orcinol 
method (11) and DNA by the diphenylamine reaction (12) on extracts 
obtained by extraction with hot 5 per cent TCA (13). DNA and RNA 
standards were estimated in terms of their phosphorus content, as deter- 
mined by the method of Fiske and Subbarow (14), and the results of 
orcinol and diphenylamine determinations on tissue extracts were ex- 
pressed in terms of phosphorus concentration. Protein dry weight was 
determined after extraction of nucleic acids and lipides (15). 

Acetone Powder Extract—An aliquot of 20 per cent rat liver homogenate, 
prepared in 1.15 per cent KCl and adjusted to pH 7.5, was added slowly 
with stirring to 10 volumes of acetone which had been chilled to —10°. 
After standing for 10 minutes, the precipitate was separated by centrifu- 
gation and washed five times by resuspending it in 5 volumes of acetone 
and recentrifuging. The final supernatant material was discarded, and 
the precipitate was dried in a vacuum desiccator over concentrated H.SO, 
at 0-5°. The resultant powder was extracted for 30 minutes at 0-5° by 
stirring with sufficient 1.15 per cent KCl to give a final concentration 
equivalent to a 10 per cent homogenate. Insoluble material was removed 
by centrifugation, and the clear supernatant fluid was used. 

Measurement of Insulin-I'*! Degradation—1 ml. of homogenate or cell 
fraction was preincubated for 5 minutes in an open beaker in a Dubnoff 
incubator at 37°, shaken at 65 cycles per minute; then 1 ml. of insulin 
substrate solution was added. The insulin substrate solution consisted of 
a trace quantity (0.1 to 2.0 y) of dialyzed insulin-I)* and varying amounts 
of amorphous insulin per ml. in 0.067 m phosphate buffer of pH 7.5. Each 
ml. contained approximately 0.5 ue. of radioactivity. Incubations were 
performed in duplicate. For controls, insulin substrate was incubated 
with 1 ml. of 0.25 m sucrose or 1.15 per cent KC]. At appropriate inter- 
vals, 1 ml. of a 2 per cent solution of dried human plasma was added to 
each mixture to facilitate the complete precipitation of proteins, and the 
mixture was immediately poured into 2 ml. of 20 per cent TCA to termi- 
nate the reaction. The TCA precipitate and supernatant fractions were 
separated and counted in a well type y counter as previously described 
(3). The results were expressed as the per cent of radioactivity present 
in the TCA supernatant fluid. The appropriate control value was sub- 
tracted from each experimental value to correct for the small amount of 
TCA-soluble radioactivity, usually less than 2 per cent, which was associ- 
ated with insulin-I"*! even after dialysis. 


RESULTS AND DISCUSSION 


Factors Influencing Degradation of Insulin-I"\—Ferrebee et al. (16) ob- 
served adsorption of iodinated insulin to glass containers. In the present 
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experiments radioactive material was adsorbed to beakers to a large degree 
when trace quantities of insulin-I"*' were incubated in phosphate buffer 
alone. The addition of 0.01 mg. of non-labeled insulin or 1 mg. of erystal- 
line bovine plasma albumin per beaker was found to prevent this adsorp- 
tion. It is possible that denaturation of insulin-I'*! causes it to adhere to 
glassware, and that the presence of carrier insulin or bovine plasma albu- 
min reduces the rate of denaturation. Albumin is useful as a stabilizing 
agent because it does not seem to alter the rate of degradation of insulin- 
[8 by liver preparations. Non-labeled insulin or bovine plasma albumin 
was, therefore, added to incubation mixtures in measuring the degrada- 
tion of insulin-I'*!, particularly when low concentrations of soluble tissue 
proteins were present. 

When insulin-I!*! was incubated with liver homogenate, degradation of 
the insulin appeared to cease before all of the radioactivity had become 
TCA-soluble. An extract of liver acetone powder was prepared in the 
belief that this would contain the heat-labile degradative system relatively 
free of an inhibitor (17) and of the heat-stable factor. With this prepara- 
tion, degradation of a trace quantity of insulin-I'*! stopped when approxi- 
mately 70 per cent of the radioactivity had become TCA-soluble (Fig. 1). 
Phillips (18) has described a relatively large and insoluble ‘‘core’’ which is 
left after digestion of insulin by purified proteolytic enzymes. Some de- 
gree of iodination of such a residual ‘‘core’’ could explain the failure to 
obtain complete conversion of insulin-I'*! into a TCA-soluble state, even 
at low substrate levels. 

In the earlier report (3) it was found that addition of a large excess of 
carrier insulin decreased the total degradation of insulin-I'*' by rat liver 
extract. With the extract of acetone powder, the addition of a small 
excess of carrier insulin caused a decrease in the rate of degradation of 
insulin-[!*!, but did not alter the ultimate extent of degradation. The 
reason for this difference in results is not yet known. 

In order to determine the optimal amount of carrier insulin for assays of 
10 per cent liver homogenate or cell fractions, further studies were per- 
formed. The first, the results of which are presented in Fig. 2, concerned 
the course of degradation of insulin-['*! in the presence of different amounts 
of amorphous insulin. The rate of degradation was fairly linear at insulin 
concentrations as low as 0.03 mg. per vessel when the incubation period 
was limited to 10 minutes. Another study concerned the effect of addi- 
tion of amorphous insulin upon the degradation of insulin-I!*! at various 
homogenate concentrations. It can be seen from Fig. 3 that the rela- 
tionship between the extent of degradation in 10 minutes and the concen- 
tration of homogenate was not linear in the absence of carrier insulin be- 
cause of insufficient substrate, but that it assumed a satisfactory linearity 
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Fig. 1. Extent of insulin-I'*! degradation by liver extract. The extract of rat 
liver acetone powder was prepared as described in the text. The substrate consisted 
of a trace quantity of insulin-I?®' plus 1 mg. of BPA, with or without the addition of 
0.01 mg. of amorphous insulin, per ml. of 0.067 m phosphate buffer, pH 7.5. 1 ml. of 
substrate was incubated with 1 ml. of liver acetone powder extract after preincuba- 
tion of the latter for 5 minutes. @, no amorphous insulin; 0, amorphous insulin 
added. 


when at least 0.03 mg. of carrier insulin was added. It is also evident that 
the per cent of insulin-I’*! degraded by liver homogenate was markedly 
decreased by the addition of carrier insulin in the amounts indicated in 
Fig. 3. In contrast, the degradation of insulin-I"*' by boiled homogenate 
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Te) 
MINUTES 
Fig. 2. Course of insulin-I!*! degradation by liver homogenate with time. 10 
per cent homogenate in 0.25 mM sucrose was prepared from the livers of two rats. 
The substrate solution contained varying amounts of amorphous insulin as indi- 
cated on the graph, and assay was conducted as described in the text. 
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was little affected by similar changes in the concentration of carrier insulin 
(Table I). The difference in responsiveness to amorphous insulin sug. 


in 
gests that the mechanism of degradation of insulin-I'*! is not the same for ea 
the heat-stable factor and the heat-labile factor. The nature of the heat- 
stable factor is being investigated further. 
Ef 
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Fic. 3. Effect of homogenate concentration upon the degradation of insulin-I™, 
10 per cent unboiled and boiled homogenates in 0.25 mM sucrose were prepared from the 
livers of two rats. The substrate solution consisted of a trace quantity of insulin- 
['3', with or without 1 mg. of BPA, plus amorphous insulin in the amounts indicated, | 
per ml. of 0.067 m phosphate, pH 7.5. Incubation was for 10 minutes. @, unboiled | 
homogenate, BPA added; X, unboiled homogenate, no BPA; A, boiled homogenate, 
BPA added. 


The relative effects of unboiled and boiled homogenate are shown in 
Fig. 3. If the difference between these effects is taken as an approximate 
measure of the enzymatic degradation of insulin, then it is apparent that, 


at low substrate concentrations, the amount of enzymatic degradation se 
greatly exceeded that due to the heat-stable system, while higher concen- fr 
trations of carrier insulin brought the effects closer together. Therefore, ti 
in order to minimize the relative contribution of the heat-stable factor in (1 
studies of the enzymatic degradation of insulin by homogenates, it would m 


be desirable to use a low concentration of carrier insulin. Since 0.03 mg. ds 


| 
| 
Wi 
| 


sulin 
sug- 
e for 
1eat- 


NARAHARA, TOMIZAWA, MILLER, AND WILLIAMS 681 


was the least amount of amorphous insulin which rendered insulin-degrad- 
ing activity proportional to homogenate concentration, this amount of 
carrier was employed in the standard assay procedure. 


TABLE I 
Effect of Amorphous Insulin upon Degradation of Insulin-I' by Heat-Stable Factor 
The incubation vessels contained 1 ml. of 10 per cent boiled homogenate plus 1 
mg. of BPA, a trace quantity of insulin-I'*!, and the indicated amount of amorphous 
insulin, in a final volume of 2 ml. of 0.033 m phosphate buffer of pH 7.5. Period of 
incubation, 10 minutes. 


Amorphous insulin | Per cent of radioactivity in TCA supernatant 
me. | 
0 2.5 
0.03 | 2.6 
0.10 | 2.4 
TABLE I] 


Chemical Constituents in Cell Fractions of Rat Liver 


The method of preparing 10 per cent cell fractions is described in the text. The 
values are the averages of duplicate determinations in two experiments which in- 
volved a total of six rats. 


Cell fraction | Protein Nitrogen DNA RNA 
| mg. per ml. mg. per ml. y P per ml. >» P perml. ‘yy P permg.N 

Homogenate 15.5 2.59 18.2 58.4 22.5 
Nue 3.8 0.75 18.0 8.7 11.6 
S-1 10.2 1.87 51.6 27.6 
Mit | 1.8 0.38 7.3 19.2 
$-2 1.41 

Mie 2.2 0.40 25.1 62.8 
S-3 4.8 0.87 16.0 18.4 
P-3a 1.3 0.26 11.1 42.7 
S-3a 3.4 0.63 3.6 5.7 
P-3b 2.2 0.41 12.0 29.3 
S-3b 2.2 0.49 0.4 0.8 


Distribution of Insulin-Inactivating System in Liver Cells—Table II pre- 
sents the distribution of nitrogen, protein, and nucleic acid among the 
fractions obtained from rat liver homogenate by differential centrifuga- 
tion. The values compare favorably with those found by other techniques 
(19), except that the quantities of protein and nitrogen are higher in the 
nuclear fraction and lower in the mitochondrial fraction. The resultant 
data are similar to those obtained by Price et al. (20) when they homogen- 
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ized rat liver in KCl rather than sucrose, and probably represent agglu- 
tination of mitochondria. The nitrogen content and the high ratio of 
ribonucleic acid phosphorus to nitrogen in the microsomal fraction indi- 
cate that the microsomal material was obtained in a relatively pure form. 
The moderate amount of nucleic acid which remained in the residual su- 
crose supernatant fraction (S-3) is similar to the value reported by others 
(19). Centrifugation for 4 hours at 110,000 X g or for 15 minutes after 


TaBLeE III 
Distribution of Insulin-Degrading Activity among Cell Fractions of Rat Liver 


The method of preparing 10 per cent cell fractions is described in the text; three 
rat livers were pooled for each experiment, and the number of experiments is indi- 
cated in parentheses. The substrate solution contained 0.03 mg. of carrier insulin 
per ml.; incubation was for 5 minutes. Activity is expressed as the per cent of 
radioactivity in the TCA supernatant fluid produced by incubation of the substrate 
with homogenate or cell fraction from 100 mg. of liver. 


Unboiled cell fractions Boiled cell fractions 
Cell fraction Per cent of radio- Per cent of radio- 
activity in TCA |Per cent of homogenate activity | activity in TCA 
supernatant per 100 (4), mean + standard error (supernatant per 100 
mg. liver (1) mg. liver (1) 
Homogenate 18.6 100 1.1 
Nuc 1.3 4.8 4 0.7 0.9 
S-1 16.2 
Mit 0.8 2.9 + 0.5 0.2 
S-2 13.2 
Mic 1.8 8.9 + 0.6 0.3 
8-3 11.3 69.7 + 2.8 1.5 
P-3a 3.2 
S-3a 9.9 
P-3b 3.1 
S-3b 8.8 


acidification to pH 5 sedimented practically all of the nucleic acid, in 
agreement with the findings of Griffin et al. (10). 

The activity of each of the cell fractions in degrading insulin-I'*' 1s 
given in Table III. There was considerable variation of the activity of 
homogenates prepared on different occasions, but the relative activity of 
the different fractions with respect to the homogenate was more constant 
from one experiment to another. The activity of the principal cell frac- 
tions in four experiments has been expressed as the per cent of homogenate 
activity and averaged in the next to the last column of Table III. 86 
per cent of the homogenate activity was recovered in the cell fractions; 
manipulative losses could account for the remainder. It is seen that 
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most of the activity is found in the residual sucrose supernatant fraction 
(S-3), and much smaller amounts in the particulate fractions. The 
data obtained with boiled cell fractions suggest that most of the activity of 
the S-3 fraction is attributable to the heat-labile enzyme system. Brachet 
and Jeener (21) have described the partial association of catheptic and 
dipeptidase activity with the sedimentable fraction of rat tissue homogen- 
ates. Maver and Greco (22) studied the intracellular distribution of 
proteinase activity in rat liver and found that mitochondria had the highest 
activity among the different fractions when denatured hemoglobin was the 
substrate at pH 3.5 or when benzoyl! argininamide served as substrate at 
pH 6.2. However, with leucinamide as substrate at pH 9.4, the residual 
supernatant fraction had the highest activity. Thus, it appears that 
proteolytic enzymes and peptidases may not be restricted to a single 
cytoplasmic component of liver under the conditions studied. 

Because of the possible participation of proteolytic enzymes in protein 
synthesis and the relationship between nucleic acids and protein synthesis, 
it was of interest to separate nucleic acid from the S-3 fraction as com- 
pletely as possible. The activities of the sucrose supernatant fractions 
obtained by prolonged ultracentrifugation (S-3a) or acid precipitation 
(S-3b) indicate that most of the activity of the S-3 fraction is not firmly 
bound to ribonucleic acid. 

Beef liver was investigated also because it is a convenient source of 
material for purification of the insulin-degrading enzyme system. ‘The re- 
sults were quite similar to those obtained with rat liver in that most of 
the insulin-I'*!-degrading activity was demonstrable in the residual sucrose 
supernatant fraction (S-3) and in the fractions (S-3a, S-3b) remaining 
after further precipitation of nucleic acid. 


SUMMARY 


1. Insulin labeled with I'*' has been used for the rapid assay of liver 
homogenate for the ability to degrade insulin in vitro. 

2. Investigation of the intracellular distribution of the heat-labile in- 
sulin-inactivating system in rat liver homogenate after differential centrifu- 
gation has shown that most of the activity is in the residual sucrose super- 
natant fraction. 


The authors are indebted to Dr. Paul M. Hyde for helpful suggestions 
in the preparation of the manuscript, and to Miss Ruthe Bailey and Mrs. 
Barbara Russell for valuable technical assistance. 
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STUDIES ON THE SPECIFICITY OF AN INSULIN- 
INACTIVATING SYSTEM OF THE LIVER* 


By HENRY H. TOMIZAWA anp ROBERT H. WILLIAMS 


(From the Department of Medicine, University of Washington School of Medicine, 
Seattle, Washington) 


(Received for publication, May 13, 1955) 


In a previous report (5), evidence was presented indicating that insulin 
is probably proteolytically inactivated by a system in rat liver extract. In 
the course of these studies, it was found that, in contrast to the degradation 
which occurs with insulin-I"*!, incubation of human serum albumin-I"! or 
ribonuclease-I?*! with liver extract resulted in no apparent degradation; that 
is, With either substance there was a negligible rise in radioactivity soluble 
in trichloroacetic acid (TCA). This observation suggested the possibility 
that all proteins might not be rapidly attacked by this liver system. 

Use of only I'*'-labeled proteins in studying substrate specificity has an 
obvious limitation. This is the possibility that cleavage may not necessar- 
ily give rise to TCA-soluble radioactivity. The question of specificity was 
therefore investigated by the technique of substrate competition in which 
the effect of various proteins upon the extent of degradation of insulin-I'*! 
was measured. Also, the increase in ultraviolet absorption at 280 my or 
in the nitrogen content of the TCA-soluble fraction was determined after 
incubation of certain non-labeled proteins with a liver preparation. The 
studies described in this report were carried out with rat and beef liver ex- 
tracts and a partially purified enzyme preparation from the latter. 


Materials and Methods 


Liver Preparations—Livers from Sprague-Dawley rats were used imme- 
diately after decapitation of the animals. Beef liver was obtained from 
the abattoir and promptly frozen. Both rat and beef liver extracts were 
prepared by homogenizing the tissues in either Tris (tris(hydroxymethy])- 
aminomethane) or phosphate buffer, then centrifuging, as described earlier 
(5). 

In order to prepare the partially purified enzyme fraction, beef liver ex- 
tract was slowly added to 10 volumes of acetone at —10°. After filtering, 


*This research was supported by funds granted by the Atomic Energy Com- 
mission, the United States Public Health Service, and Eli Lilly and Company. Pre- 
liminary reports of this work have been published (1, 2). Some studies of a similar 
hature were mentioned recently by Mirsky and Perisutti (3) and by Vaughan (4). 
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the precipitate was washed five times with cold acetone and dried over con- 
centrated sulfuric acid in vacuo. The resultant acetone powder was stirred 
30 minutes with the appropriate buffer, pH 7.5, then centrifuged to yield a 
clear brown supernatant solution. The protein fraction used in the present 
study was precipitated from this solution by adjusting the ammonium sul- 
fate concentration to 0.60 saturation after a previous precipitation at 0.45 
saturation. Purification in this manner removed a heat-stable factor (6) 
which also degrades insulin-I'*!, The ammonium sulfate fractionation also 
removed much extraneous protein, but the activity (2) of the protein frac- 
tion used was approximately the same as that of the acetone powder. All 
preparative manipulations were carried out in a cold room kept at 5°. 

Proteins—The source and treatment of insulin-I'*! solution, amorphous 
insulin, and crystalline zinc insulin were the same as noted earlier (5, 6). 
In some of these studies, zinc insulin was dissolved in a small amount of 
water by addition of a trace of N sodium hydroxide (7), then brought to 
volume with either Tris or phosphate buffer. 

Other purified substances used in these substrate studies were crystalline 
bovine plasma albumin (BPA), casein and its components a- and £-casein, 
a-corticotropin trichloroacetate, crystalline glucagon, ox growth hormone, 
human serum albumin, a-lactalbumin, and crystalline ribonuclease.' Glu- 
cagon, growth hormone, and a-corticotropin trichloroacetate were dissolved 
in water adjusted to pH 12 before diluting to volume with Tris buffer. 

Incubation—This was performed in a Dubnoff incubator under conditions 
similar to those described earlier (5). 

Assays—The degradation of insulin-I'*! was measured by the rise in TCA- 
soluble radioactivity (5). In the competitive substrate studies, the effect 
of various proteins on the extent of degradation of insulin-I'*! was deter- 
mined. When proteins were used as possible substrates, the TCA super- 
natant fluids were assayed for increases in nitrogen by a semimicro-Kjeldahl 
method or for increases in ultraviolet absorption at 280 my by a Beckman 
model DU spectrophotometer with microcuvettes. 


RESULTS AND DISCUSSION 


Rat Liver—Substrate specificity studies were first performed with rat 
liver extract by the technique of substrate competition. It was found ear- 
lier that non-iodinated insulin in excess clearly depressed the rate of degra- 


1 Purified casein was kindly supplied by Dr. W. B. Dandliker, a- and 6-casein by 
Dr. T. L. MeMeekin, a-corticotropin trichloroacetate and ox growth hormone by 
Dr. I. I. Geschwind, crystalline glucagon by Dr. C. W. Pettinga of Eli Lilly and 
Company, human serum albumin by Dr. P. D. Goldsworthy, and a-lactalbumin by 
Dr. P. E. Wilcox. Crystalline bovine plasma albumin was obtained from the Armour 
Laboratories and crystalline ribonuclease from the Worthington Biochemical Sales 
Company. 
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dation of insulin-I"' in a given amount of extract (5). This, with other 
corroborative evidence, indicated that insulin competes with insulin-I"*! 
and therefore is probably a substrate for this liver system. The same 
weight of a-lactalbumin, human serum albumin, or casein was added with 
insulin-I'*! to the rat liver extract system in order to see whether these 
other proteins had rate-depressing effects similar to that of amorphous insu- 
lin. This study, shown in Fig. 1, indicated that equal weight quantities of 
the other three proteins had slight effect on the degradation of insulin- 


x 
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Fic. 1. Change with time in per cent of radioactivity in TCA supernatant fluid. 
Incubation with 1 ml. of rat liver extract of a trace quantity of insulin-I'*! without 
and with 125 » of the proteins indicated. The total volume of the incubation 
mixture was 2 ml. The extract was obtained after homogenizing rat liver with 3 
times its weight of 0.067 m phosphate buffer, pH 7.5, then centrifuging. 


[!_ This experiment suggested that some proteins may not be substrates 
for this system. The decreased total degradation of insulin-I'* in the 
presence of amorphous insulin was discussed earlier (6). 

To investigate the question of specificity further, equal weight quantities 
of the same four proteins were each incubated with rat liver extract and in- 
creases in non-protein nitrogen determined. As shown in Table I, only 
with amorphous insulin was there an appreciable rise in non-protein nitro- 
gen over control. The differences in values for Experiments A and B are 
probably due to the fact that the livers were obtained from different ani- 
mals. Again, it appeared that, of the four proteins, insulin alone is a sub- 
strate for this system. However, as will be shown later, casein was found 
on an equimolar basis to depress the rate of degradation of insulin-I'* and 


| 
er- | 
an | 
rat 
rTa- 
by 
by 
and 
by 
our 
ales 


688 INACTIVATION OF INSULIN IN VITRO 


to give rise to non-protein nitrogen. In all subsequent studies equimolar 
rather than equal weight quantities of proteins were employed. 

Beef Liver—Since these earlier studies suggested some degree of specific- 
ity of the liver system for degrading insulin, purification of the enzyme 
system from beef liver was planned. Therefore, further specificity studies 
were performed with this material in order to determine whether beef liver 
also contains the enzyme system in question. A competitive substrate 
study with beef liver extract in which equimolar? quantities of several pro- 
teins were used is presented in Fig. 2. 


TaBLe [ 
Rise in Non-Protetn N upon Incubation of Various Proteins with Rat Liver Extract 
The extract was obtained after homogenizing rat liver with an equal weight of 
phosphate buffer, pH 7.5, then centrifuging. 1 ml. of extract was incubated with 
1 ml. of phosphate buffer, pH 7.5, with and without 3 mg. of the indicated proteins. 
Duplicate samples were run. The combined supernatant fluid of each sample was 


filtered before analysis. 


Non-protein N 
Omin. | 30min. 
incubation | incubation 
A | Control 649 | 722 73 
| Insulin 664 | 810 146 
| Casein 642 | 732 90 
B | Control 
| Insulin | | 236 
| a-Lactalbumin | 93 
| Human serum albumin | 724 | 789 65 


a-Corticotropin trichloroacetate had a marked effect, similar to that o 
insulin;? the caseins, glucagon, and possibly growth hormone had some 
effect. a-Lactalbumin, ribonuclease, and human serum albumin appeared 
to have little effect. The results with these last three proteins are in agree- 
ment with those obtained in the iodinated protein (5), substrate compe- 
tition, and non-protein nitrogen studies with the rat liver system. When 
TCA was used in the incubation mixtures, its concentration was equivalent 
to the amounts present in the three concentrations of the a-corticotropin 


2 The following values for molecular weight were used in determining molar con- 
centrations: insulin 6000, a-lactalbumin 17,000, ribonuclease 13,000, human and 
bovine serum albumin 69,000, glucagon 4200, growth hormone 46,000, a-corticotropin 
trichloroacetate 5500, caseins 100,000. 

3In this and in subsequent studies, crystalline zine insulin (26 units per mg.), 4 


gift of Eli Lilly and Company, was used. 
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Percent Radioactivity in TCA Supernatant 
2 
131 


INSULIN 1 


+ Insulin eee eee 


+ a-Lactalbumin See @ 


+ Human Serum 


+ a-Corticotropin 4x 10% mole 


+ Trichloroacetic 


* See text Ye 20 30 40 


Fig. 2. Per cent of total radioactivity in TCA supernatant fluid after a 10 minute 
incubation period. Incubation with 1 ml. of beef liver extract of a trace quantity of 
insulin-I'#! without and with the indicated quantities of test substances in a total 
incubation volume of 2ml. The extract was obtained after homogenizing beef liver 
with 3 times its weight of 0.1 m Tris, pH 8.0. After centrifuging, the extract was ad- 
justed to pH 8.0 with 0.5 Nn NaOH. An all Tris buffer system at pH 8.0 was used, 
since glucagon is less soluble in inorganic buffers and at more acid pH. 


salt. The lack of effect of this acid indicates that a-corticotropin itself 
exerts the effect. This observation is consistent with that of Geschwind 
and Li (8) that corticotropin is inactivated by liver extract. 

This competitive study was repeated by use of the partially purified beef 
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liver preparation. As mentioned earlier, a heat-stable factor which also " 
degrades insulin-I'* was removed in the processing. The rate of insulin- . 
Percent Radioactivity in TCA Supernatant . 
T T T T T O 
INSULIN-I'*! g 
Sl 
+ Insulin pases ti 
+a-Lactalbumin eS eee @ 
Ci 
+ Ribonuclease ese ee @ @ @ @ ef 
Albumin EEE 
a- 
+ Glucagon eee e @ @ ee 
2 x mole P 
trichloroacetate je... Bx mole cl 
fic 
CO 
m, 
in 
Albumin 000 to 
ins 
* T T T T T h 
See text 30 40 50 
Fig. 3. Per cent of total radioactivity in TCA supernatant fluid after a 10 min- on 
ute incubation period. Incubation with 1 ml. of partially purified beef liver prep- ‘ 
aration of a trace quantity of insulin-I'*! without and with the indicated quantities we 
of test substances. The protein content of the liver preparation was 3.5 mg. per ml. , 
of 0.1 m Tris solution, pH 8.0. on 
for 
I’! degradation by this factor was not slowed by the addition of carrier in- cul 
sulin at the levels used; hence its removal permitted a more marked effect Th 
by possible competitive substrates on the degradation of insulin-I'*!. The bo 
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results of an experiment in which the partially purified beef liver prepa- 
ration was employed are shown in Fig. 3. In decreasing order, insulin, 
a-corticotropin, a-casein, casein, glucagon, and #-casein affected the extent 
of degradation of insulin-I'*". The 10 minute incubation period was chosen 
because insulin-I'*! without additional carrier was nearly maximally de- 
graded in that time. Since the rise in supernatant radioactivity with this 
substrate alone is not linear over the entire incubation period, the compe- 
tition or inhibition by the other proteins cannot be validly expressed as per- 
centage of control. Whereas the addition of insulin to insulin-I'*! results 
in a more linear rate for the measurable degradation of the latter over the 
10 minute period (6), the addition of other effective substances may also 
cause this to occur. It should be noted that with all proteins exerting an 
effect, except B-casein, doubling the effective competitor approximately 
halved the degree of degradation of insulin-I’*. This suggests that they 
are competitive in this system, either as substrates or as inhibitors. Again, 
a-lactalbumin, ribonuclease, and human serum albumin had negligible 
effect; in addition, there was no measurable effect of crystalline bovine 
plasma albumin. These substances apparently do not readily compete 
with insulin-I'*! for the enzyme site (or sites) essential for the detectable 
cleavage of insulin-I!*'. 

The lack of effect of bovine plasma albumin and its commercial avail- 
ability in a pure state made it a useful substance in further substrate speci- 
ficity studies. In addition, a-casein was used since it, in contrast, had a 
competitive effect and was made available in a generous quantity. The 
increase in non-protein materials which absorb ultraviolet light in the 280 
my region was determined after incubation of bovine plasma albumin or 
insulin with the partially purified liver preparation. The results plotted 
in Fig. 4 suggest that, unlike insulin, bovine plasma albumin is not a sub- 
strate, since it does not contribute materials absorbing in the 280 muy region 
to the TCA-soluble fraction. Incubation of either protein with phosphate 
buffer did not result in an increase in absorption at this wave-length. 

In another study, measurements at 280 my were made after incubation of 
insulin, a-casein, or bovine plasma albumin with the liver preparation for a 
given time interval. The data of this experiment (Table IT) show that only 
the first two proteins give rise to additional absorption over that which 
occurs with the liver preparation alone. These results are in agreement 
with the substrate competition studies discussed earlier in this report. 

It was still possible that degradation of bovine plasma albumin released 
only fragments which did not absorb light in the 280 my region. There- 
fore, in another experiment, the TCA supernatant fluids obtained after in- 
cubation of the three proteins mentioned above were assayed for nitrogen. 
The data of Table III indicate that insulin and a-casein are degraded, while 
bovine plasma albumin is probably not. In the case of the incubation of 
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Liver preparation + 
Insulin 


Liver preparation 
Liver preparation+ 
BPA 


—— Phosphate + Insulin 


OPTICAL DENSITY-28Omu 


= 4 ====z@- ----@ 
--- Phosphate + BPA 
MINUTES 


Fic. 4. Increase with time in ultraviolet absorption at 280 my of the TCA super- 
natant fluid. Incubation of either 1 mg. of insulin or 11.5 mg. of bovine plasma 
albumin in 1 ml. of phosphate buffer solution, pH 7.5, with 1 ml. of dialyzed beef liver 
preparation. Dialysis was carried out for 12 hours against demineralized water, then 
3 hours against 0.067 m phosphate buffer, pH 7.5. The protein content of this liver 
preparation was 5.6 mg. per ml. of phosphate solution, pH 7.5. Incubation was 
carried out in 16 X 125 mm. Pyrex ignition tubes covered with glass marbles. The 
incubation was terminated by the addition of 1 ml. of 15 per cent TCA. After cen- 
trifugation the supernatant fluid was filtered through Whatman No. 30 paper. In 
the ultraviolet absorption studies, the precipitate was not washed. 


TABLE II 
Increase in TCA-Soluble Fluids of Optical Density at 280 mp; Incubation of Insulin, 
a-Casein, or Bovine Plasma Albumin with Phosphate or Liver Preparation 
The procedure was the same as that described in the legend to Fig. 4. a-Casein 
was used in a concentration of 16.7 mg. per incubation mixture. The protein con- 
tent of the liver preparation was 7 mg. per ml. 


Optical density at 280 my 
Omin. | 180 min. optical density 
incubation incubation 
Insulin and phosphate..................... 0.046 = 0.023 
a-Casein and phosphate.................. 0.043 0.055 
BPA and phosphate....................... 0.025 0.025 
Liver preparation. ....................... 0.198 0.308 0.110 
Insulin and liver preparation.............. 0.183 0.496 0.313 
a-Casein and liver preparation............ 0.204 0.619 0.415 
BPA and liver preparation................ 0.166 0.304 0.138 
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a-casein with phosphate, the small rise in TCA-soluble nitrogen and ultra- 
violet light-absorbing materials may be caused by the presence of a small 
amount of a proteolytic enzyme in the a-casein preparation (9). 

The data presented in this report suggest that the insulin-inactivating 
system has some degree of specificity. On the other hand, it appears 
that, among the substances tested, the caseins, a-corticotropin, glucagon, 
and growth hormone may be substrates for this system. Whether a 
substance is or is not a substrate may depend not only upon the presence 


TaBLe III 


Rise in Non-Protein N upon Incubation of Insulin, a-Casein, or Bovine Plasma 
Albumin with Phosphate or Liver Preparation 


The procedure was as described in the legend to Fig. 4 except that the precipitates 
were washed twice with 5 per cent TCA. The combined supernatant fluids were 
filtered into Kjeldahl flasks through Whatman No. 30 paper. 5 per cent TCA was 
used in rinsing vessels, rods, and filter papers. Insulin was used in a concentration 
of 3 mg. per incubation mixture; a-casein, 50 mg.; and bovine serum albumin, 34.5 
mg. The dialyzed liver preparation contained 16 mg. of protein per ml. 


Non-protein N 
System 
incubation | incubation non-protein N 
Y Y 
Insulin and phosphate................. 23 26 
a-Casein and phosphate.............. | 38 54 
BPA and phosphate.................... 28 30 
Insulin and liver preparation. .......... 63 113 50 5.1 
a-Casein and liver preparation.......... 83 328 245 2.5 
BPA and liver preparation........_..... 58 91 33 0.1 


of given peptide bonds, but also upon their accessibility to the enzyme 
(orenzymes). Bonds which conform to the specificity of the enzyme sys- 
tem would probably be easily accessible in the case of smaller compounds 
such as insulin, a-corticotropin, and glucagon, whereas with larger sub- 
stances such as casein accessibility may depend on prior denaturation or 
partial degradation. With insulin, the possibility has not been eliminated 
that prior cleavage of disulfide linkages may be involved. 

Although the system in question may not have an absolute specificity 
for insulin, it is probably of importance in the catabolism of insulin. It 
may also subsequently prove to be involved in the degradation of other 
hormonal proteins. The possibility still exists that some or all of those 
substances effective in the competitive substrate study are inhibitors rather 
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than substrates and that contaminating proteolytic systems are responsi- 
ble for the degradation of substances other than insulin. None the less, 
it would be judicious to avoid using the term ‘‘insulinase,”’ as it connotes 
an absolute specificity of the enzyme system for insulin. Since a defini- 
tive answer to this question of specificity can be best obtained after the 
isolation of the pure enzyme system, work on purification 1s now in prog- 
ress. 


SUMMARY 


An insulin inactivation system of the liver, probably of a proteolytic 
nature, apparently has some degree of specificity; however, other sub- 
stances such as a-corticotropin, casein, glucagon, and growth hormone 
may also be substrates for this system. 


The authors wish to acknowledge the technical assistance of Mrs. Mary 
Lou Nutley, Miss Ruth Miller, Mrs. Barbara Russell, and Mrs. Jean 
Anderson. 


Addendum—Shortly after this manuscript was submitted, Mirsky eé al. (10) sug- 
gested that “‘the destruction of insulin is due to a specific system (insulinase).”’ 
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TRACER EXPERIMENTS ON GLUTAMATE FERMENTATION 
BY CLOSTRIDIUM TETANOMORPHUM* 


By J. T. WACHSMANT anp H. A. BARKER 


(From the Department of Plant Biochemistry, University of California, 
Berkeley, California) 


(Received for publication, May 16, 1955) 


The products of glutamate fermentation by Clostridium tetanomorphum 
are acetate, butyrate, hydrogen, carbon dioxide, and ammonia (1-4), with 
the yield of carbon dioxide always close to 1 mole per mole of glutamate 
decomposed. These results are not readily explicable by the usual mech- 
anism of glutamate oxidation via a-ketoglutarate and the tricarboxylic 
acid cycle, since this sequence of reactions would result in the formation of 
3 moles of carbon dioxide per mole of glutamate decomposed. Conse- 
quently, an investigation of the mechanism of this fermentation was under- 
taken and, as a first step in this direction, we have carried out tracer ex- 
periments to determine the origin of the carbon atoms in the fermentation 
products. The results confirm the previous conclusion that the tricarbox- 
ylic acid cycle is not operative in this fermentation. 


Materials and Methods 


C. tetanomorphum, strain Hi, was grown and harvested as previously 
described (1). Resting cell experiments were carried out at 37° under a 
nitrogen atmosphere or in an evacuated flask containing sodium hydroxide 
in the center well (5). Carbon dioxide was estimated manometrically or 
by titration after conversion to barium carbonate. 

Fatty acids were steam-distilled from an acid solution, estimated by 
titration, and identified by paper chromatography (6). Mixtures of ace- 
tate and butyrate were determined by Duclaux distillation in the presence 
of HgSO, and MgSO,:7H.O (7). Acetate and butyrate, derived from the 
fermentation of labeled substrates, were separated by gas-liquid partition 
chromatography (8) or on a silica gel column (9) containing alphamine red 
R (10) as the internal indicator. In the latter case, elution was accom- 
plished with mixtures of chloroform and butanol, the eluate fractions were 
neutralized with sodium hydroxide, and the resulting aqueous solutions 


* This work was supported in part by a research contract with the United States 
Atomic Energy Commission and a research grant (EK-563) from the United States 
Public Health Service. 

t Part of this work was completed during the tenure of a Postdoctoral Research 
Fellowship from the National Cancer Institute of the National Institutes of Health, 
United States Public Health Service. 
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were concentrated on a steam bath. Chloride, a decomposition product 
of chloroform, was precipitated with silver sulfate and the resulting silver 
chloride was removed by centrifugation. To decompose formate, appar- 
ently derived from chloroform, the supernatant solution was distilled from 
acid solution containing mercuric sulfate. The quantity of volatile acid 
was determined by titration, fatty acid carrier was added, and the C¥ 
content determined following persulfate oxidation. A modification of the 
Schmidt reaction (5) was used for acetate and butyrate degradation. 

Ammonia was determined by titration after distillation from sodium 
borate. L-Glutamate was estimated manometrically with Clostridium 
welchiit decarboxylase (11). 

For C™ estimations, organic compounds were converted to carbon di- 
oxide by persulfate oxidation (12). Carbon dioxide was collected in either 
CO.-free barium hydroxide or sodium hydroxide; with the latter, barium 
carbonate was formed by the addition of barium chloride. The barium 
carbonate was washed and dried on aluminum disks and C'* measurements 
were made with a thin window Geiger counter. 

We are indebted to Dr. A. Kornberg of Washington University for a 
sample of pi-glutamate-1-C™. Glutamic acid (probably the L form), pre- 
dominantly labeled with C" in the y-carboxyl carbon, was isolated from 
Clostridium kluyvert by Dr. N. Tomlinson (13). The pui-glutamate-2-C" 
was generously prepared by Dr. E. M. Gal. pt-Histidine-2-C™ and ace- 
tate-1-C'4 were supplied by Tracerlab, Inc., and the Bio-Organic group of 
the University of California, respectively. 


Results 


Data on the products of fermentation of C-labeled substrates are pre- 
sented in Tables I and II. 

The experiment with glutamate-1-C™ (Table I) shows that carbon 1 of 
glutamate was converted to acetate and butyrate. The specific activity 
of acetate was almost equal to that of the substrate and about 10 times 
that of butyrate. The acetate was labeled exclusively in the carboxy! 
carbon. The distribution of C% in butyrate was not determined. The 
specific activity data show that from 4.5 to 9 per cent of the butyrate 
molecules contain carbon derived from carbon 1 of glutamate. The calcu- 
lated percentage depends on whether the butyrate is assumed to be singly 
or doubly labeled. Essentially no C™ was found in carbon dioxide. 

The experiment with glutamate-2-C™“ (Table I) demonstrates that car- 
bon 2, like carbon 1, is preferentially incorporated into acetate. The C" 
is presumably in the methyl] group, although this was not established ex- 
perimentally. From 9 to 18 per cent of the butyrate molecules contain 
carbon derived from carbon 2 of glutamate. Carbon dioxide was un- 


labeled. 
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The fermentation of glutamate-5-C'" (Table I) shows that at least 84 
per cent of the carbon dioxide is derived from carbon 5. The specific ac- 


TABLE I 
Fermentation of C'4-Glutamate 


Glutamate-1-C'4—The reaction was carried out in a 125 ml. flask. The reaction 
mixture contained 2 ml. of a washed cell suspension representing approximately 72 
mg. dry weight, 425 ymoles of potassium phosphate buffer, pH 7.0, 4.5 umoles of Na.S, 
and 358 uwmoles of sodium glutamate-1-C'*. Reaction stopped and CO; liberated by 
addition of 1 ml. of 5 Nn H.SO,. The center well contained 0.5 ml. of CO.-free 5 x 
NaOH. Total volume, 8.5 ml. Nitrogen atmosphere. Incubation, 2 hours at 37°. 

Glutamate-2-C'* and Glutamate-5-C'*—The reaction was carried out in a 50 ml. 
Erlenmeyer flask provided with a center well and closed with a rubber serum cap. 
The reaction mixture contained 2 ml. of a washed cell suspension representing ap- 
proximately 74 mg. dry weight, 500 wymoles of potassium phosphate buffer, pH 7.0, 
4.0 pmoles of NaS, and 500 of sodium glutamate-2-C"™ or -5-C™%. Reaction 
stopped and CO: liberated by addition of 1 ml. of 4 Nn H2SO,. The center well con- 
tained 2 ml. of CO2-free 1 N NaOH. Total volume, 10 ml. Evacuated flask. Incu- 
bation, 140 minutes at 37°. 

The substrate was prepared by adding L-glutamate carrier to a small quantity of 
L- or pL-C'4-glutamate. Acid was added when the rate of CO» evolution, as meas- 
ured in a parallel manometric experiment, reached the endogenous level. All values 
are corrected for endogenously formed products. 


| Glutamate-1-C™ Glutamate-2-C4 Glutamate-5-C'" 
Compound | 
Quantity City | Quantity | SPECIE | Quantity Specific 
| 
—358* | 269 —500fT | 339 —500t 58f 
| | 342 476 497 
Carbon dioxide.................. 368 0.2 474 0.1 470, 49 
173 24 144 61 165 1.9 
Carbon recovery, %........... 97 87 89 


* Estimated by the (. welchit decarboxylase method. 

t Estimated by assuming complete decomposition of added glutamate. 

t Specific activity of carbon 5; carbon 1 contained 4.5 c.p.m. per wmole and carbon 
2 contained 1.5 ¢.p.m. per umole. 


tivities of acetate and butyrate are such that all the C™ present in these 
compounds could have been derived from carbons 1 and 2 of glutamate 
which were also weakly labeled. Little, if any, C from carbon 5 of glu- 
tamate was incorporated into fatty acids either directly or via carbon 
dioxide. 
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The labeled carbon of histidine-2-C™ (Table IL), which is equivalent to 
glutamate-4-C"™ (see ‘“‘Discussion’’), was found almost entirely in the fatty 
acids. The specific activity of the butyrate was approximately twice that 
of the substrate, indicating that the butyrate molecule contained 2 carbon 
atoms derived from carbon 4 of glutamate. Relatively little C'* was found 
in acetate. Not more than 25 per cent of the acetate molecules contained 


TaB_e II 
Fermentation of Histidine-2-C'* and of Glutamate in Presence of Acetate-1-C™ 
The same procedure was used as in the experiment with glutamate-2-C"* (Table I), 
except that the reaction mixture contained 500 wmoles of histidine-2-C', or 250 
umoles of sodium acetate-1-C", in addition to 500 wmoles of unlabeled sodium L-glu- 
tamate. .-Histidine carrier was added to a small quantity of pi-histidine-2-C. 


Histidine-2-C™ Acetate-1-C™ 
Compound 
Quantity Quantity 
pmoles pmoles 
Glutamate, fermented — 500* 
Histidine, — 500* 317 
Acetate, initial 250 610 
Products 
Ammonia — 1361 505 
Carbon dioxide 450 0.9 461 0.1 
Formamidet 424 t 
Acetate 568 83 859§ 183§ 
Butyrate 139 650 138 90 
Carbon recovery, %........ 85 91 
recovery, %.............. 87 111 


* Estimated by assuming complete decomposition of added amino acid. 
t Estimated as formate. 

t Not determined. 

§ Final acetate; 609 umoles of acetate were formed. 


carbon derived from carbon 4 of glutamate either directly or indirectly 
through butyrate. 

The experiment on the fermentation of histidine-2-C™“ was repeated and 
the fatty acids were degraded to determine the position of labeling. The 
results (Table III) show that carbon 2 of histidine (equivalent to carbon 4 
of glutamate) is found exclusively in the carboxyl carbons of both acetate 
and butyrate and in carbon 3 of butyrate. Carbon 3 and the carboxyl 
carbon of butyrate are equally labeled. 

Since several anaerobic bacteria (14-16) readily convert acetate to 
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butyrate, an experiment was carried out with unlabeled glutamate and 
acetate-1-C' (Table II). The average acetate concentration during this 
fermentation (554 uwmoles per ml.) was higher than in the other experiments 
(171 to 284 wmoles per ml.). The data indicate a relatively small conver- 
sion of acetate to butyrate. Assuming an average specific activity for 
acetate of 396 c.p.m. per umole, it can be calculated that 11.5 to 23 per cent 
of the butyrate molecules contained carbon derived from acetate. Since 
these values for the conversion of acetate to butyrate are not significantly 


TABLE III 
Position of Labeling in Fatty Acids Formed from Histidine-2-C'4 


The reaction vessel contained 0.5 ml. of a washed cell suspension representing 
approximately 29 mg. dry weight, 200 umoles of potassium phosphate buffer, pH 7.0, 
1.0 umole of Na.S, and 200 wmoles of histidine-2-C'. Reaction stopped by addition 
of 0.3 ml. of 7.5 n H.SO,. The center well contained 0.2 ml. of 2 Nn KOH. Total 
volume, 4 ml. Nitrogen atmosphere. Incubation, 190 minutes at 37°. The sub- 
strate was prepared by adding L-histidine carrier to a small quantity of pL-histidine- 
2-C'4. All values are corrected for endogenously formed products. 


Compound Quantity Specific activity 

pmoles c.p.m. per wmole 
Histidine-2-C', fermented 200* 412 

Fatty acids formed 

Acetate 198 113 
COOH 112 
CH; 0 
Butyrate 75 565 
COOH 297 
CH, 1 
313 
CH; 0 


*Estimated by assuming complete decomposition of added histidine. 


different from those obtained in the experiment with glutamate-2-C™, we 
may conclude that acetate concentration has relatively little effect on this 
reaction. 


DISCUSSION 


The quantitative data on the products of glutamate fermentation are 
in good agreement with those obtained by other investigators with different 
strains of C. tetanomorphum (2-4) and with other species including Clostrid- 
tum tetani (17), Clostridium saccharobutyricum (18), Clostridium cochlear- 
tum (19), and Fusobacterium nucleatum (20). The points to be noted are 
the low yield of carbon dioxide and the rather high ratio of acetate to 
butyrate. 
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The tracer experiments demonstrate that carbon dioxide is derived al- 
most entirely from carbon 5 of glutamate. Conversely, carbon 5 is con- 
verted almost exclusively to.carbon dioxide. 

The acetate produced in this fermentation comes mainly from glutamate 
carbons 1 and 2. In the experiment with glutamate-1-C™ at least 90. per 
cent of the acetate carboxyl originated from carbon 1. In view of this re- 
sult, the high incorporation of carbon 2 of glutamate into acetate proves 
that the methyl carbon of acetate is mainly derived from this position. 
Since the yield of acetate is generally in excess of 1 mole per mole of gluta- 
mate, a small part of the acetate must originate from carbons 3 and 4 of 
glutamate. This conclusion is supported by the experiment with histidine- 

The use of histidine-2-C™ in this series of experiments is justified by the 
evidence that glutamate or a glutamate derivative is an intermediate in 
histidine decomposition. This has been shown conclusively with animal 
liver preparations (21—23) and with Pseudomonas fluorescens (22,24). The 
evidence is less complete with C. tetanomorphum, though strongly indicative. 
The products formed from histidine and glutamate are quantitatively the 
same, except for the additional production of approximately 1 mole each of 
ammonia and formamide from histidine. Small amounts of free glutamic 
acid have been observed in histidine fermentation by two strains of C. 
tetanomorphum (1, 2). Wickremasinghe and Fry (2) reported evidence for 
a fairly large accumulation of a labile glutamic acid derivative, possibly 
a-formamidinoglutaric acid, in the breakdown of histidine. In unpublished 
experiments we also detected and partially characterized this compound by 
a color reaction with alkaline ferricyanide-nitroprusside, by its Rr on paper 
chromatography, and by its rate of alkaline hydrolysis to L-glutamate. 
From 3 to 22 per cent of the histidine used was accounted for by this com- 
pound. 

When histidine is converted to glutamate via urocanate and a-form- 
amidinoglutarate (1), as apparently occurs in C.. tetanomorphum, carbon 2 


of histidine is converted to carbon 4 of glutamate. Therefore histidine-2- 


C™ can be considered equivalent to glutamate-4-C™ for the experiments 
under consideration. 

The experiment with histidine-2-C" shows that carbon 4 of glutamate is 
preferentially converted to butyrate; conversion to acetate occurs to a rela- 
tively small extent. Since glutamate carbons 1 and 2 and carbon 5 are 
found primarily in acetate and carbon dioxide, respectively, the prefer- 
ential conversion of carbon 3 of glutamate to butyrate is also indicated. 
The observation that the butyrate formed in one experiment (Table II) 
had approximately twice the specific activity of the histidine-2-C" fer- 
mented suggests the incorporation of 2 carbon atoms derived from carbon 
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4 of glutamate into each molecule of butyrate. This is substantiated by 
the finding that butyrate is labeled equally and exclusively in carbons 1 
and 3. 

These findings are consistent with a scheme for glutamate fermentation 
(Fig. 1) that involves the formation of two different C2 units, one from car- 
bons 1 and 2 of glutamate which appears mainly as acetate and the other 
from carbons 3 and 4 which condenses with a similar C2 unit to form bu- 
tyrate. This might occur by conversion of carbons 1 and 2 of glutamate 
to free acetate and a conversion of carbons 3 and 4 to an activated C2 unit 
like acetyl CoA. Since carbon 5 of glutamate goes to carbon dioxide and 
carbon 4 becomes the carboxy! carbon of acetate and butyrate, the results 
of the tracer experiments are consistent with a metabolic pathway which 


HOOC-CH, 
2 
HOOG—CH,—CH,—GH —CQOOH 
NH, 
CO, | 


coon 


3 3 4 3 
HOOC -CH-CH-CH, 


Fig. 1. Origin of products of glutamate fermentation 


would result in the formation of carbon atoms 1, 2, and 3 of pyruvate from 
carbon atoms 5, 4, and 3 of glutamate, respectively. 

The activities of the butyrate formed during the fermentation of gluta- 
mate-1- or -2-C™ and the fermentation of unlabeled glutamate in the pres- 
ence of acetate-1-C™ are of the same order of magnitude. This indicates 
that the incorporation of glutamate carbons | and 2 into butyrate may occur 
via acetate. The small conversion of acetate to butyrate suggests a low 
level of acetate-activating enzyme systems. This is in contrast with other 
butyrate-forming systems (14—16) in which acetate is readily incorporated 
into butyrate. 


SUMMARY 


The fermentation of L-glutamate by resting cells of Clostridium tetano- 
morphum, strain H,, results in the formation of acetate, butyrate, hydrogen, 
and approximately stoichiometric amounts of carbon dioxide and ammonia. 
The operation of a tricarboxylic acid cycle in the oxidative direction is ex- 
cluded on the basis of the low yield of carbon dioxide and the origin of the 
carbon atoms in the products of glutamate fermentation. Experiments 
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with C-labeled glutamate and histidine show that carbon dioxide, acetate, 
and butyrate originate preferentially from carbons 5, 1 and 2, and 3 and 4 
of glutamate, respectively. Carbon 4 of glutamate is found exclusively in 
carbon 1 of acetate and in carbons 1 and 3 of butyrate. The results indi- 
cate that two different C2. units are formed, one of which is converted to 
acetate and the other predominantly to butyrate. Free acetate is not 
readily converted to butyrate. 


BIBLIOGRAPHY 


. Wachsman, J. T., and Barker, H. A., J. Bact., 69, 83 (1955). 

. Wickremasinghe, R. L., and Fry, B. A., Biochem. J., 58, 268 (1954). 
. Woods, D. D., and Clifton, C. E., Biochem. J., 32, 345 (1938). 

. Barker, H. A., Enzymologia, 2, 175 (1937). 


Katz, J., Abraham, S., and Chaikoff, I. L., Anal. Chem., 27, 155 (1955). 


. Kennedy, E. P., and Barker, H. A., Anal. Chem., 23, 1033 (1951). 

. Friedemann, T. E., J. Biol. Chem., 123, 161 (1938). 

. James, A. T., and Martin, A. J. P., Biochem. J., 50, 679 (1951-52). 

. Elsden, 8. R., Biochem. J., 40, 252 (1946). 

. Katz, J., Lieberman, I., and Barker, H. A., J. Biol. Chem., 200, 431 (1953). 
. Meister, A., Sober, H. A., and Tice, S. V., J. Biol. Chem., 189, 577 (1951). 
. Katz, J., Abraham, S., and Baker, N., Anal. Chem., 26, 1503 (1954). 

. Tomlinson, N., J. Biol. Chem., 209, 605 (1954). 

. Pine, L., and Barker, H. A.,./. Bact., 68, 216 (1954). 

. Bhat, J. V., and Barker, H. A., /. Bact., 64, 381 (1947). 

. Barker, H. A., Kamen, M. D., and Bornstein, B. T., Proc. Nat. Acad. Sc., 31, 373 


(1945). 


. Clifton, C. E., J. Bact., 44, 179 (1942). 
. Cohen, G. N., Nisman, B., and Cohen-Bazire, G., Bull. Soc. chim. biol., 30, 109 


(1948). 


. Barker, H. A., J. Bact., 36, 322 (1938). 

. Jackins, H. C., and Barker, H. A., J. Bact., 61, 101 (1951). 

. Borek, B. A., and Waelsch, H., J. Biol. Chem., 205, 459 (1953). 
. Tabor, H., and Mehler, A. H., J. Biol. Chem., 210, 559 (1954). 

. Abrams, A., and Borsook, H., ./. Biol. Chem., 198, 205 (1952). 

. Tabor, H., and Hayaishi, O., J. Biol. Chem., 194, 171 (1952). 


2 
4 € 
6 I 
7 a 
8 
9 
10 f 
11 
12 
13 d 
14 r 
15 q 
16 n 
17 
19 p 
21 
22 
93 
24 
A 
ol 
fo 
ul 
Ci 
3 
of 
Ww 
XUM 


ite, 
d4 
in 
| to 
not 


373 
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The presence in human urine of both free and bound tyrosine has been 
known for some time, and in recent chromatographic analyses (2) the daily 
excretion of free tyrosine was found to be about 35 mg., along with an ap- 
proximately equal quantity of the amino acid in combined form. Crokaert 
and associates (3, 4) have noted that a part of the bound tyrosine in urine 
passes rapidly through columns of the acid form of Dowex 50 and hence 
is probably acidic in nature. Crokaert also found that this conjugated 
form is hydrolyzed to the free amino acid by warming the solution for a 
few minutes with 0.1 Nn HCI (3). The similarity between these properties 
and those described by Bettelheim (5) for tyrosine-O-sulfate, which he has 
recently identified as a constituent of a peptide from fibrinogen, prompted 
a study to determine whether or not a portion of the bound tyrosine of hu- 
man urine is present as the O-sulfate derivative. 


Materials and Methods 


Preparation and Properties of Tyrosine-O-sulfate—The compound was 
prepared by the action of concentrated sulfuric acid on tyrosine in the cold 
(Reitz, Ferrel, Fraenkel-Conrat, and Olcott (6)) and crystallized as the 
monopotassium salt (5).!_ The substance was dried at 100° over P.O; in 
vacuo for analysis. 


* A preliminary report of this work was given at the meeting of the Federation of 
American Societies for Experimental Biology, San Francisco, April 11-15, 1955 (1). 

' We are greatly indebted to Dr. F. R. Bettelheim for a personal communication 
outlining the conditions for the preparation of the crystalline potassium salt. The 
following procedure was used in the present study: Tyrosine (2 gm.) was added to 
concentrated H.SO, (20 gm.) at —5°. The reaction mixture was stirred for 30 min- 
utes and poured into a mixture of 65 gm. of Ba(OH).-8H:20 and 400 ml. of ice and 
water. After removal of BaSO, by filtration, the remaining excess barium was pre- 
cipitated by the addition of 2 to 5 gm. of solid COs. The resulting solution was 
concentrated to dryness on a rotary evaporator and the residue was extracted with 
30 ml. of cold water. Unchanged tyrosine was removed by filtration and by passage 
of the filtrate through a 2 * 2 cm. column of Dowex 50-X8 (H+ form). The effluent 
was brought to pH 5 by the addition of 5 per cent KOH and concentrated to dryness. 
The residue was dissolved in 2 ml. of water, and the addition of 3 ml. of ethanol and 
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CyHioOsNSK (299.2). Calculated. C 36.2, H 3.3, 8S 10.7, ash (K2SO,4) 29.2 
Found. 35.9, 3.6, 10.4, 29.1 


The color yield of tyrosine-O-sulfate in the ninhydrin reaction (7) is 0.96. 

The synthetic compound gave a single ninhydrin-positive peak (recovery 
92 per cent of theory) when chromatographed on Dowex 2 or Dowex 50 
under the conditions outlined below. Hydrolysis of the compound in 300 
volumes of N HCl at 100° for 5 minutes gave a 93 per cent yield of tyrosine, 
as determined chromatographically. A nephelometric determination? of 
inorganic sulfate in the hydrolysate gave 91 per cent of theory. | 

Chromatography on Dowex 50-X4—On a0.9 X 150 cm. column of 4 per 
cent cross-linked sulfonated polystyrene resin equilibrated with buffer at 
pH 2.2 ((8), Fig. 1), tyrosine-O-sulfate emerges at 120 ml. The position 
of the compound on the effluent curve is close to that of urea, and, when 
urine is chromatographed on Dowex 50, a separate peak for tyrosine-O-sul- 
fate is not observed. 

Chromatography on Dowex 2-X4—Since tyrosine-O-sulfate is strongly 
acidic, it may also be chromatographed on basic resins. Columns of 
Dowex 1 or Dowex 2 have proved to be applicable to the determination of 
the compound in urine. The present study was carried out with the qua- 
ternary ammonium base resin Dowex 2-X4 (200 to 400 mesh).* The resin 
in the chloride form was screened wet through a 200 mesh sieve in the 
manner described for Dowex 50-X4 (8). The material screened through 
200 mesh was heated for 2 hours on the steam bath with twice the volume 
of 4 nN HCl, with occasional stirring of the suspension. After the resin had 


4 ml. of ether gave an amorphous precipitate which crystallized when stored at 4°. 
The crystalline material was filtered, washed with an alcohol-ether mixture, and 
dried over CaCl.; yield, 0.34 gm. of the dihydrate. 

2 We wish to thank Dr. Frank L. Horsfall, Jr., for the use of a very sensitive 
photometric apparatus for the measurement of turbidity by scattered light, a descrip- 
tion of which has not yet been published. 

3 Dowex 1 and Dowex 2 are very similar in their properties, and therefore the 
manufacturer currently supplies only Dowex 1 in the desired range of particle sizes. 
Dowex 1-X4 is available as a 200 to 400 mesh, dry-screened product and Dowex 1-X8 
is made in a minus-400 mesh grade which gives a high yield of through-200 mesh 
resin when screened wet. Since, in general, the finer mesh resins are preferable for 
chromatographic work, the -X8 resin has been tested and found to be suitable for the 
determination of tyrosine-O-sulfate. Information as to the particle sizes of Dowex 
resins when screened wet and when screened dry is available from Technical Service 
and Development, The Dow Chemical Company, Midland, Michigan. Dowex 50-X4, 
-X5, and -X8 are now made as minus-400 mesh products which give 80 to 90 per cent 
yields of through-200 mesh material. With recent lots of resin, it has been found 
that improved chromatographic performance can be obtained by using the through- 
325 mesh, wet-screened fraction for the chromatography of amino acids on Dowex 50 
columns (8). 
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settled for 1 hour, the supernatant fluid was decanted to remove the fines. 
Following four such treatments, the resin was filtered, washed with water, 
and converted to the acetate form by allowing 4 N NaOAc to fiow slowly 
through the resin bed until a diluted sample of the filtrate (acidified with 
HNOs;) gave a negative test for Cl- with AgNOs3. 

Chromatography was carried out with columns of Dowex 2-X4 buffered 
at pH 5 under conditions similar to those that have been employed for the 
determination of phenylacetylglutamine (9) and phosphoserine (Kennedy 
and Smith (10)). In order to obtain quantitative recoveries of a compound 
as acid-labile as tyrosine-O-sulfate, buffers are preferable to dilute HCl 


3 
= 
8 E 0.2 Tyrosine-0-Sulfate 
0 > 
ca ob 
0 10 20 30 A0 50 60 


Effluent m1. 


Fic. 1. Chromatography of synthetic tyrosine-O-sulfate and of urine on 0.9 * 5 
em. columns of Dowex 2-X4. Sodium acetate buffer (1.1 N) at pH 5 was employed 
aseluent. O, the position of synthetic tyrosine-O-sulfate (0.33 mg. of K salt); @, 
curve obtained from normal human urine (6 ml. concentrated to 3 ml. before being 
placed on the column). 


or organic acids as eluents. The buffer (1.1 N in NaOAc) was prepared by 
diluting 275 ml. of the 4 Nn NaOAc buffer used in the ninhydrin method (7) 
to 1 liter with water. The resin was washed with the buffer and a column 
5 em. in height was poured in a tube 0.9 cm. in diameter. <A detergent 
(5 ml. of a 50 per cent solution of BRIJ 35 per liter (8)) was added to the 
buffer used for the chromatography. The samples to be analyzed (1 to 
5 ml.) should be at pH 5 to 8. The effluent was collected in 1 ml. fractions 
at a rate of 5 to 10 ml. per hour and analyzed by the ninhydrin method (7). 

The combination of the acidic and the aromatic properties of tyrosine-O- 
sulfate causes it to have a relatively strong affinity for the basic resin. 
From the short 5 cm. column, the synthetic compound emerges at about 
50 ml. (Fig. 1), well behind the positions of any of the other amino acids 
known to occur in urine (2) or in tissue extracts (11). 

When a column of Dowex 1-X8' of the same size is used, the tyrosine-O- 
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sulfate peak is at 70 ml., and 2 ml. effluent fractions can be collected for 
the ninhydrin analysis. 


Results 


Tyrostne-O-sulfate in Human Urine—When urine was chromatographed 
on Dowex 2-X4, a peak was obtained in the tyrosine-O-sulfate position (Fig. 
1). Addition of synthetic tyrosine-O-sulfate to urine prior to chromatog- 
raphy caused this peak to rise with no loss of symmetry, and the added 
amount of tyrosine-O-sulfate was recovered quantitatively. To provide 
sufficient material for further characterization, 20 ml. of urine were con- 
centrated to half the volume and chromatographed on a 2 X 5 cm. column, 


TABLE [ 
Tyrosine-O-sulfate and Total Bound Tyrosine Content of Urine 


The analyses were performed on aliquots from 24 hour specimens. Ail subjects 
were normal male adults between 25 and 45 years of age. The diets were not con- 
trolled. 


Subject No. Tyrosine-O-sulfate Free tyrosine Total bound tyrosine 
mg. per day mg. per day meg. per day per cent 
1 22 20 21 73 
2 39 27 63 43 
3 20 
4 24 
5 35 
Average..... 28 


and the effluent fractions in the tyrosine-O-sulfate position were pooled. 
Synthetic tyrosine-O-sulfate was added to an aliquot of the pooled frac- 
tions, and, after adjusting to pH 1.5 with concentrated HCl, the mixture 
was chromatographed on a 150 cm. column of Dowex 50-X4 (8). A single 
tyrosine-O-sulfate peak was obtained. The material from urine is thus 
indistinguishable from tyrosine-O-sulfate by two different chromatographic 
procedures, one in which Dowex 50 and the other in which Dowex 2 is em- 
ployed. When another aliquot of the pooled fractions was hydrolyzed 
under the characteristically mild conditions (N HCl at 100° for 5 minutes) 
that split aryl sulfates (5), chromatography of the hydrolysate on Dowex 
50-X4 showed the presence of tyrosine in a yield of 88 per cent of theory. 
A nephelometric sulfate analysis of the hydrolysate gave 150 per cent of 
the expected value, however, indicating that other sulfates that are labile 
but ninhydrin-negative, such as phenol sulfate, may be present in the 
effuent from the Dowex 2 column. 
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The quantitative determinations summarized in Table I show that the 
average daily excretion of tyrosine-O-sulfate by normal adult males is 
about 28 mg. In two instances, the total amount of bound tyrosine in the 
urine was determined by analyzing the specimens for tyrosine, on columns 
of Dowex 50-X4 (8), both before and after hydrolysis of the urine with 
boiling 6 N HCl for 17 hours. In this manner, about half the bound tyro- 
sine was found to be tyrosine-O-sulfate. 

Single 24 hour urine specimens from patients suffering from the following 
diseases were analyzed without revealing any striking abnormalities in the 
excretion of tyrosine-O-sulfate:* Wilson’s disease, cirrhosis of the liver, 
infectious mononucleosis, tuberculosis (active), and muscular dystrophy. 
The tyrosine-O-sulfate content of the urine of a pregnant (83 months) 
woman was in the normal range. Tyrosine-O-sulfate could not be detected 
in the urine of a phenylpyruvic oligophrenic. In one normal individual, 
the daily tyrosine-O-sulfate excretion remained constant at 20 mg. per day 
despite the fact that the total dietary protein intake was raised from 15 to 
200 gm. per day and the free tyrosine output from 16 to 49 mg. per day.°® 


DISCUSSION 


Tyrosine-O-sulfate represents a new member of the group of substances 
usually classified as “ethereal”? sulfates. Conjugation of phenols with 
sulfate 2 vivo is a well known reaction and the sulfate esters of numerous 
phenolic compounds have been found in urine. It is thus not surprising 
to find that tyrosine is also excreted partly as the O-sulfate. The normal 
excretion of ethereal sulfate sulfur is 40 to 100 mg. per day (13), of which 
tyrosine-O-sulfate accounts for about 3 mg. of sulfur or 3 to 8 per cent of 
the total. By analogy with other phenolic compounds, the glucuronide of 
tyrosine should also be present in urine. Since about half of the bound 
tyrosine of urine is unaccounted for, this possibility remains open. It 
should be noted, however, that Ichihara and Tamura (14) could not dem- 
onstrate the presence of tyrosine glucuronide in the urine after feeding 
tyrosine to rabbits, although they were able to isolate the glucuronide of 
tyrosine hydantoin after the injection of the hydantoin. The feeding of 
tyrosine increases the excretion of glucuronides in the rat (Martin and 
Stenzel (15)), but this rise might be attributed to the excretion of glucu- 
ronides of metabolic products formed from tyrosine rather than to the ex- 
cretion of tyrosine glucuronide itself (cf. (16)). Woolf and Edmunds (17) 


‘The urine specimens from the patients were obtained through the kind coopera- 
tion of Dr. R. E. Weston of Montefiore Hospital, Dr. G. A. Jervis of Letchworth 
Village, Dr. David E. Rogers of The New York Hospital, and Dr. A. G. Bearn and 
| Dr. J. G. Hirsch of the Hospital of The Rockefeller Institute for Medical Research. 

* Amino acid analyses of the urine of this individual have been reported previously 
((12), Table IV). 
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and Jonxis and Huisman (18) observed an increase in the urinary output 
of conjugated tyrosine by infants after tyrosine or phenylalanine was fed, 
but the nature of the conjugate is not yet known. 


The authors wish to acknowledge the technical assistance of Miss Renate 
Mikk in the performance of these experiments. 


SUMMARY 
Tyrosine-O-sulfate has been identified as a constituent of normal human 
urine. The excretion averaged 28 mg. per day for five adult males and } 1 
accounted for about half of the bound tyrosine and 3 to 8 per cent of the , ma 
ethereal sulfate sulfur in urine. the 
met 
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The qualitative and quantitative relation of circulating adrenal steroids 


, may not be adequately reflected by the urinary steroids. A method for 


the determination of plasma corticoids thus seems important as one more 
means of studying adrenal function. Further, in the studies of cortical 
steroid synthesis and metabolism, such as perfusion of steroids through 
adrenal or liver and studies in vivo, a simple and reliable method is most 
desirable. ‘These needs are generally recognized, and progress on this 
subject has been reported recently from several laboratories (1-10). 

The method for plasma corticoid determination should be simple enough 
for use in a clinical laboratory, versatile enough to permit further develop- 
ment, sensitive enough for use of a relatively small volume of plasma, and, 
above all, highly accurate and reproducible. 

In the method presented here (11) the total free reducing steroids are 
measured by means of the reduction of blue tetrazolium to the correspond- 
ing formazan in alkaline ethanolic solution (12). All steroids having a 
ketol side chain give this reduction. The reducing power of these steroids 
is, mole for mole, essentially the same. Since most of the plasma reducing 
steroids are adrenal in origin, the concentration of plasma reducing steroids 
reflects the secretory activity of this gland. 

Steroids with A‘-3-keto grouping do exhibit some reducing power; so 
do 17a-hydroxy-20-ketones. Calculated on a molar basis (12), their 
power of reduction is from 5 to 10 per cent of that of compounds with a 
ketol side chain. During the extraction and subsequent separation, these 
compounds are not completely removed; hence, their reduction, which is 
added to the total reducing corticoids, probably constitutes the major 
interference. 

The extraction of the steroid from plasma is accomplished with methyl- 
ene chloride in a cylindrical separatory funnel by slow rotation on a wheel. 


* This study was supported by a research grant, No. C-1210, from the National 
Cancer Institute of the National Institutes of Health, United States Public Health 
Service, as well as by funds provided by The Schweppe Foundation. 

The authors wish to thank Mrs. Joanna X. Wheeler of the Veterans Administra- 
tion Hospital, Hines, Illinois, for technical contributions and confirmation of our 
results. 
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Chloroform extraction resulted in a poorer recovery of the corticoids. No 
mixed solvent is found necessary. Emulsion formation is at a minimum, 
particularly when the funnel is completely filled. 

The methylene chloride extracts are washed with dilute sodium hydrox. 
ide and water and dried over anhydrous sodium sulfate. After concentra- 
tion of the solvent, the residue is redissolved in a suitable solvent, applied 
to a strip of filter paper, and subjected to repeated ascending chromato. 
grams with normal hexane and methanol. The steroids are located at the 
methanol front, which is cut out, extracted, and subjected to color devel- 
opment. For most samples, the colored solution is diluted to 7 ml. and 
measured in an Evelyn or Coleman universal colorimeter. A micro cell 
(0.2 ml.) and Beckman DU spectrophotometer are recommended to in- 
crease the sensitivity and reduce the volume of plasma required for an 
estimation. Recovery of cortical hormones added to plasma has been sat- 
isfactory and consistent. Duplicates agree closely. An efficient worker 
can complete two dozen determinations in 2 days time. 


Procedure 


Extraction—Venous blood samples are drawn with 0.1 ml. of | per cent 
heparin as anticoagulant. The freshly collected blood is centrifuged as 
soon as possible. 10 to 15 ml. of plasma are measured into a 60 ml. cy- 
lindrical separatory funnel and diluted to 45 ml. with 0.85 per cent sodium 
chloride, followed by 15 ml. of freshly distilled methylene chloride. Ex- 
traction is promoted by rotation at the rate of 3 r.p.m. for 30 minutes on 
the short axis of a wheel constructed similarly to that described by Zaf- 
faroni (13). Filling the separatory funnel completely excludes air and 
reduces the tendency for an emulsion to form during the extraction proc- 
ess. The plasma is reextracted three more times with methylene chloride 
in the same manner as above, but for only 15 minutes each time. Each 
extract is washed once with 10 ml. of 0.1 N sodium hydroxide and twice 
with 10 ml. of water and then pooled.! 

The methylene chloride extracts are dried for a short time over 5 to7 
gm. of anhydrous sodium sulfate or 4:1 anhydrous sodium sulfate and 
magnesium sulfate for a few minutes. The extracts and methylene chlo- 
ride washing are decanted and distilled on a steam bath to about 1 ml. 
A 50 ml. round bottom flask, with a center well of approximately 0.5 to 
1.0 ml. capacity, is used for this purpose.’ 

1 After the completion of the work reported here, a new wheel was constructed. 
Squibb type 60 ml. separatory funnels are used. The funnels are rotated on the 
long axis at 6 r.p.m. with a tipping motion of 17° per revolution. Emulsification is 
minimized and the time of extraction shortened to 10, 5, 5, and 5 minutes. The re- 


covery is equally quantitative and reproducible. 
2 Metro Industries, 29-28 41st Avenue, Long Island City, New York. 
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Paper Chromatogram—Whatman No. 3 MM filter paper is cut to 9 X 
150 mm. strips and ruled with pencil as pictured (Fig. 1). The paper 
strips are freshly extracted in a Soxhlet extractor with 90 per cent methanol 
for at least 8 hours. The steroid concentrate is applied to the strip with 
a long capillary dropper. Three 0.2 ml. portions of methylene chloride 
are used to complete the transfer by alternately warming and cooling the 
flask in hot and cold water after the addition of each 0.2 ml. portion of 


= 
HEXANE FRONT 


— 


CH30H FRONT 


ZONE OF 


APPLICATION 


“ani 20 25 


Fic. 1. Chromatographie strip of Whatman No. 3 MM paper, indicating zones 
of application and of solvent ascent. 


methylene chloride. The solvent condensed into the small well is applied 
to the paper strip. It is preferable to do this operation rapidly so that 
not all of the solvent will collect in the well before the first withdrawal, 
in which case 0.2 ml. of solvent actually is sufficient to wash down the walls 
two to three times. Repeat the washing if it is suspected that some ma- 
terial is left in the flask. It is found more expedient to transfer the ex- 
tract to a small test-tube (13 * 100 mm.) and concentrate to 0.2 to 0.3 
ml. before applying to paper. Repeated small portions (0.2 to 0.3 ml.) of 
methylene chloride are employed to complete the transfer of extract to 
the paper strip. 
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During application of the extract, the paper strip is held horizontally 
on a glass frame secured at both tips. A gentle stream of air or nitrogen 
is directed under the spot of application to hasten drying. Difficulties 
were rarely encountered in applying the extract to the paper strip. 

If a large number of determinations is to be made, one may place a 
strip directly in a test-tube (15 & 125 mm.) containing the extract; the 
paper absorbs the extract by capillary force. Methanol-methylene chlo- 
ride mixture (3:7) is used as a solvent in this case. Care must be taken 
not to use too much solvent so that the material does not migrate beyond 
the predetermined ‘‘zone of application.”” The process is repeated five 
times to achieve complete transfer. The paper strip is allowed to dry 
after each addition of the solvent mixture to the tube. 

After application of the extract, the paper strip is first subjected to 
ascending chromatography in an open 16 X 150 mm. test-tube containing 
0.5 ml. or less of normal hexane. The solvent is allowed to rise to the pre- 
determined line and dried in air. The paper is then transferred to a 
second test-tube (15 XK 125 mm.) containing 0.5 ml. or less of methanol 
and removed and air-dried when the solvent reaches precisely the pencil- 
ruled methanol front. The operation is repeated alternately two more 
times with each solvent, after which all the steroids are collected within 
2 mm. of the methanol front. Care was taken not to allow the paper 
strip on which the corticoids migrate to come into contact with the sides 
of the test-tube, although no loss was ever noticed during rare occasions 
when the strip accidentally touched the tube. Whatman No. 3 MM is 
firm and straight enough to stand upright in the test-tube without addi- 
tional support. 

To ascertain the exact location of the steroids, one may make use of a 
small ultraviolet light. By this method as little as 2 y quantities of corti- 
sone and other a,s-unsaturated ketones may be detected. This operation 
is not necessary if care is taken to allow methanol to travel exactly to the 
predetermined line. Deoxycorticosterone, which is not present in plasma 
to any great extent, migrates 5 to 10 mm. beyond the methanol front 
with normal hexane and cannot be located with absolute assurance without 
the aid of ultraviolet light. The methanol front is cut out (4 mm. above 
and 6 mm. below the line (see Fig. 1) or as indicated by fluorescence) and 
placed in a glass-stoppered test-tube for color development. 

Colorimetry—The method of quantitative colorimetry has been pub- 
lished (12). <A brief description with minor changes, together with some 
necessary directions to apply the method to plasma reducing steriods, 
will be presented here. 

Reagents— 

Alcohol. 96 per cent or absolute ethanol redistilled over solid sodium 
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hydroxide, or preferably distilled over 0.5 ml. of 50 per cent choline and 
1.0 gm. of blue tetrazolium per liter. The middle 70 per cent is used. 

Blue tetrazolium (BT). The commercial product is dissolved in a mini- 
mal volume of boiling water and treated with animal charcoal if the solu- 
tion is dark brown in color. Filter and agitate while precipitating the 
still warm solution with 0.1 volume of concentrated hydrochloric acid. 
Cool for a few hours and filter on a Biichner funnel. Wash the crystals 
with a little ice-cold water. The golden yellow crystals obtained contain 
water of crystallization and are readily soluble, while the anhydrous ma- 
terial is sparingly soluble in ethanol. To prepare a 0.5 per cent ethanolic 
solution of BT, 2 ml. of water are added to 1.0 gm. of the dry reagent and 
heated to wet every particle thoroughly. Ethanol is then added, a little 
at a time, with gentle boiling and shaking until the material is completely 
dissolved. 

Choline.* 1 part of 50 per cent aqueous choline diluted to 50 parts with 
ethanol (actually 0.85 per cent solution by titration with hydrochloric 
acid). The solution is stable for at least a month if kept refrigerated and 
tightly stoppered. 

Color development. 2 volumes of choline solution, 1 volume of BT solu- 
tion, and 17 volumes of ethanol are freshly mixed. 2 ml. of this solution 
are placed in each test-tube with a paper cutting and allowed to stand at 
room temperature (25-26°) for 120 minutes in total darkness. The tubes 
are diluted with 5 ml. of ethanol and read on the Evelyn or a comparable 
colorimeter at 515 to 520 mu. 

Water or ethanol is used as the zero standard in the colorimeter. Paper 
strips that have undergone similar chromatographic treatment serve as a 
blank. Standards (3, 5, 10 y of Compound F) are applied on paper strips 
and chromatographed as in the case of the unknown. 

It is possible to extract the steroids from paper first with ethanol before 
color development, in which case a minimum of 3 hours at room tempera- 
ture is necessary for complete extraction. If this procedure is employed, 
the steroid-containing area of the paper strip is placed in a glass-stoppered 
1 ml. volumetric tube overnight to assure complete extraction. The 
whole extract or an aliquot of this extract is used for color development. 
This alternative procedure is more time-consuming, but gives a slightly 
higher recovery for small amounts of corticoids carried through the entire 
procedure. 


Results 


The method described above gives complete recovery of 10 y of cortical 
hormones from aqueous solution. The recovery of various amounts of de- 


> Courtesy of the Rohm and Haas Company, Philadelphia, Pennsylvania. 


lly 
ren 
les 
| 
he | 
en 
ynd 
ive 
Iry 
to 
ng 
re- 
101 
il- 
re 
des 
ns 
1s 
di- 
fa 
ti- 
on 
he 
ma 
ont 
out 
ve 
nd 
ib- 
me 
ds, 


714 REDUCING STEROIDS OF 


TABLE I[ 


PLASMA 


Recovery of Corticoids Added to Normal Human Plasma* 


Per cent recovery 


| No. of 
| y added | = 
| | Range 
Deoxycorticosterone (Compound Q) 1 4 80 -90 
4 90 -95 
5 4 98 
98 -99 
11-Dehydrocorticosterone (Com- oe | 4 85 —90 
pound A) 2 | 4 90 —-95 
5 94 -96 
10 96 -97 
17a-OH -11-deoxycorticosterone 4 80 -95 
(Compound 8) 2 | 4 90 -95 
| | 94 -96 
| 4 96 -98 
17a-OH-11-dehydrocorticosterone 1 | 4 85 -90 
(Compound E) | 4 90 —95 
| § | 4 94 -96 
10 | 4 96 -97 
Corticosterone (Compound B) ce 11 70 -90 
| 10 90 -100 
| 10 92 -98 
| 10 10 94 -98 
| 20 10 96 .5-97 .5 
17a-OH-corticosterone (Compound 1 10 80 -90 
F) | 2 | 10 90 -100 
| 5 10 94 -98 
| 10 10 95 —98 
| 20 10 96 5-97 .5 
Mixture of Compounds B and F 1 Each 6 80 -90 
| 3 6 | 90 -92 
| § 6 93 -96 
Mixture of Compounds B, F, E | 1 6 87 -93 
6 | 90 -92 
| 3 6 91 -93 
Mixture of Compounds B, F, E, § 0.5 5 85 -—90 
a 5 90 -92 
5 93 -95 
Mixture of Compounds B, F, E, 8, 0.4 5 85 -90 
Q a 5 92 -94 
5 94 -96 
Mixture of Compounds B, F, E,8, ——0.5 5 87 -90 
Q,A 5 92 -93 
5 93 -95 


Average 


87 
92 
98 
90) 
S7 


89 
93 
95 


* Color development of ethanol extracts of paper cuttings. Final data by Mrs. 


Joanna X. Wheeler. 


t 10 ml. samples of pooled and citrated plasma used for each determination. 
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oxycorticosterone, corticosterone, 11-dehydrocorticosterone, 17a-hydroxy- 
corticosterone, 17a-hydroxy-11-dehydrocorticosterone, 17a-hydroxy-11-de- 
oxycorticosterone, and their mixture added to plasma, is shown in Table 
I. 

The values obtained for the plasma of 54 fasting normal human subjects 
are reported in Table IT.4 

When the blood plasma is kept refrigerated (5°, not frozen) without 
undue agitation, the plasma reducing corticoids decline only slightly in 3 


TaBLeE II 
Concentration of Plasma Total Reducing Steroids in Normal Human Subjects 
Plasma steroids 
No. of subjects Age 
y per 100 ml. 7 per 100 ml. 
32 24-63 22-52 35.1 + 7.9 
22 24-52 22-43 32.4 + 5.4 
TaBLeE III 


Destruction of Free Reducing Corticoids in Human Plasma upon Storing at 5° 
(Anticoagulant, Sodium Citrate) 


The results are in micrograms per 100 ml. of plasma. 


0 1 3 8 
20.0 20.0 19.3 16.6 
20.7 20.0 20.0 16.6 
20.0 20.0 20.0 17.3 
Mean......... 20.2 20.0 19.8 16.8 


days (see Table III). Table III also serves to show the high reproduci- 
bility of the method. The difference between triplicate determinations 


417a-Hydroxycorticosterone (Compound F or hydrocortisone) was used as stand- 
ard throughout this paper. It was not possible to procure Compound F of rigidly 
proved purity (10). Several pure samples obtained through the courtesy of different 
laboratories gave approximately the same melting point, optical rotation, paper 
chromatogram pattern, and color formation with BT. One sample (rechromato- 
graphed lot) having the highest purity according to the criteria described was used 
as standard. The authors are indebted to the Worcester Foundation for Experi- 
mental Biology, Shrewsbury, Massachusetts; Ciba Pharmaceutical Products, Inc., 
Summit, New Jersey; The Glidden Company, Chicago, Illinois; G. D. Searle and 
Company, Skokie, Illinois; and The Upjohn Company, Kalamazoo, Michigan, for 
their generosity in supplying the steroids investigated. 


age 
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represents the degree of accuracy, which is essentially the same as the 
physical error due to colorimetric reading alone. 

It should be pointed out that when a well washed piece of Whatman 
No. 3 MM paper 9 X 10 sq. mm. is subjected to the color development it 
will give some color. The amount of color for a given batch of paper is 
remarkably constant, and individual strips give identical readings on the 
colorimeter. The values for different batches of filter paper may differ 
slightly, and hence care should be taken that the standards and unknowns 
are chromatographed on paper strips from the same extraction lot of filter 
paper. The paper blank (equivalent to approximately 2.5 7 of corticoids) 
has an advantage in that plasma extracts of low corticoid value super. 
imposed upon the paper blank give readings by the macroprocedure that 
fall in a more sensitive range for the colorimeter than would otherwise be 
the case. Ethanol extraction of the steroids from the paper cutting prior 
to color development may be used as an alternative procedure that elim- 
inates any color due to the paper. This procedure has the additional 
advantage that more than one chromogenic reagent can be applied to the 
extract of a given paper chromatogram. It has the disadvantage of giving 
a greater light transmission for any given steroid concentrate in plasma. 
This necessitates the use of larger samples of plasma or of a microprocedure 
for determination of 2.5 y quantities or less. The inherent stability, ease 
of operation, and reproducibility of Evelyn and Coleman colorimeters 
make either instrument satisfactory. For quantities of 2.5 y or less re- 
ducing corticoids per sample, the microtechnique is recommended. 

Detailed studies of dogs under various conditions, such as oral corti- 
sone, intravenous Compound F, intravenous corticotropin, adrenalectomy, 
hypophysectomy, hepatectomy, or ligation of the blood supply to the 
liver, will be reported elsewhere; so will more extensive studies of human 
subjects in health and disease and a comparison with other methods of 
determination. 


DISCUSSION 


Corcoran and Page (1) described a method for the determination of 
formaldehydogenic corticoids in blood and plasma and gave the normal 
values as 0.25 mg. per 100 ml. of plasma for human subjects. Later work 
by others indicated that these values probably were too high. C2 -C.-diol 
should account for a part of the formaldehyde measured. Glycerol deriv- 
atives (fats), if not completely removed, will certainly contribute to the 
result. 

Nelson and Samuels (3) devised a new procedure and concluded that 
the values for normal individuals are 4 to 10 y of 17a-hydroxycorticosterone 
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per 100 ml. of plasma by the Porter and Silber method. Nelson et al. 
later revised this value (14) upwards to 12 + 6 y per 100 ml. for male 
subjects and 15 + 6 y per 100 ml. for female subjects. But Gemzell (15), 
adopting the same method, found the values for twenty-one normal fe- 
male subjects to be 6.6 + 0.95 y per 100 ml. of plasma on 1 day and 5.2 + 
0.85 y per 100 ml. of plasma 6 days later. Using the above mentioned 
method, we were not able in our laboratory to obtain consistent results. 

Sweat et al. (4, 5) adopted micro silica gel column separation and sul- 
furic acid fluorescence for the determination of corticosterone and 17a- 
hydroxycorticosterone. The values published were 4.9 and 11 y, respec- 
tively, per 100 ml. of normal human plasma, which are in good agreement 
with the results reported by Nelson et al. (14). 

Recently, Morris and Williams (7) presented a more elaborate method 
by which they established the presence of cortisone and dehydrocorti- 
eosterone in about one-half of the quantities of the corresponding 11- 
hydroxy compounds. 

Silber and Porter (9) described a method for the determination of 17 ,21- 
dihydroxy-20-ketosteroids in urine and plasma that is recommended as 
suitable for routine clinical use. These authors recognize that some steroid 
loss occurs in extraction and color development. The average steroid 
concentration reported by this method in sixteen normal human plasma 
samples was 13.3 y per cent, expressed as hydrocortisone, with a range of 
values between 6 and 25 y per cent. 

Lombardo and coworkers (10) achieved good results in extracting ster- 
oids from blood in ranges between 0.5 to 2.0 mg. by the method of simul- 
taneous dialysis and extraction for 48 hours. They concluded the Com- 
pound F-like steroids to be approximately 8 to 10 y per 100 ml. of blood. 

The essential parts of the work presented here lie in the method of ex- 
traction and partition of the extract on paper. The procedure is simple, 
and the results are highly reproducible. Column chromatography has 
not been consistently successful in this laboratory. The conditions were 
too rigid and results so unpredictable that adoption for routine analysis 
did not seem practical. It has been our experience that extraction of 
corticoids from plasma is best done without precipitating or denaturing 
the protein. This can be accomplished by gentle rotation of plasma in 
contact with a suitable immiscible steroid solvent. The paper chromato- 
gram separation permits a high recovery of added steroids and gives con- 
sistent results. Cholesterol, androsterone, and dehydroepiandrosterone 
added to the extract do not interfere with the recovery of corticoids to a 
measurable extent. 

Questions regarding stable conjugation with plasma protein and the 
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presence of methylene chloride-insoluble compounds, such as glucuronides 
(16) and amino acid derivatives (17) of cortical steroids, are not solved by 
this method. From our recovery experiments, plasma _ protein-bound 
steroids, if present, are easily extractable as long as the protein is in the 
natural state. According to Bongiovanni et al. (18, 19), considerable 
amounts of corticoid glucuronides may be found in plasma as shown by 
enzymatic hydrolysis. 

Values obtained in the present study are higher than those presented by 
the other four laboratories. With the colorimetry method of Porter and 
Silber (20) on our extracts, the quantities of ‘‘17-hydroxycorticosterone- 
like compounds”? amount to 67 per cent of BT-reducing corticoids.> The 
sum of four cortical hormones by Morris and Williams is about 70 per cent 
of our findings. Aldosterone, deoxycorticosterone, and small amounts of 
some metabolic products and precursors, that would not be included in 
any of the other three methods discussed, are included in the tetrazolium 
procedure. Furthermore, in the case of Porter and Silber’s method, which 
is used by Nelson and Samuels (3), not all corticoids produce the same 
amount of color on a molar basis. If Compound F is used as the standard, 
the values will be lower, since this compound and Compound E give more 
color mole for mole than do the other corticoids (20). 

Efforts now in progress to separate, identify, and determine the individ- 
ual components indicate that alkaline washed methylene chloride extract 
contains little non-steroid reducing substances. Paper chromatography 
further eliminates most, if not all, of the fatty acid derivatives. Drying 
the extract over MgSO, was found efficient in removing added lecithin, 
although applying this modification of the procedure to plasma yielded 
results that were identical with those obtained when sodium sulfate was 
used. 

It seems evident that with the present method adrenal cortical steroids 
are measured for the most part. A small fraction of reduction is due to 
their precursors and metabolic products that have a reducing ketol side 
chain or A‘-3-ketones. 


SUMMARY 


A method is described for the determination of plasma-free reducing 
cortical steroids that is simple and reproducible. The method is based on 
partition of the neutral methylene chloride extract on paper with different 
solvents and determination of steroids by the blue tetrazolium method. 
However, other methods may also be applied to the extract. On the 
macro scale, 10 to 15 ml. of plasma from normal subjects are sufficient for 
one determination. Smaller amounts of plasma may be used, depending 


5 To be published elsewhere. 
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upon the instruments and skill of micro manipulation. The normal values 
calculated as 17a-hydroxycorticosterone for human subjects were found to 
be 35.1 + 7.9 y for males and 32.4 + 5.4 y for females. The stability of 
plasma cortical steroids upon storage has been determined. 
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UNSATURATED LIPIDE OXIDATION CATALYZED BY 
HEMATIN COMPOUNDS* 


By A. L. TAPPEL 
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Hematin catalysis of unsaturated lipide oxidation is probably a primary 
reaction in many types of pathological unsaturated fat oxidation in vivo 
(1-3) and in the spoilage of frozen meat products by oxidative fat ran- 
cidity (4). 

Some of the properties of hematin catalysis have been described (4-8), 
but knowledge of the reaction mechanism and the reaction products is 
relatively meager. The catalytic activity of myoglobin is unknown. 
The structural requirements for the reactants have not been characterized. 
Hematin catalysis may involve only a peroxidative reaction (8-10), but 
the possibilities of a direct oxidative reaction between the hematin com- 
pound and the unsaturated lipide have not been eliminated. 

It is the purpose of this research to broaden our knowledge of unsaturated 
lipide oxidation catalyzed by hematin compounds and to define more pre- 
cisely the mechanism of the reaction. 


EXPERIMENTAL 


The hemoglobin solutions were prepared from fresh blood by laking the 
red blood cells with distilled water after washing the cells four times with 
cold saline. Myoglobin was extracted from cattle heart by the methods 
of Theorell (11). Hemoglobin was removed from the myoglobin by a 
method of differential heat denaturation involving heating of the myo- 
globin solution to 60° for 10 minutes (12). Myoglobin was assayed by the 
spectrophotometric method of Poel (13) to determine when it was free of 
hemoglobin. The concentrations of myoglobin and hemoglobin employed 
as oxidation catalysts were determined by the method of Drabkin and 
Austin (14). 

The methods used in preparing colloidal linoleate (8) and emulsions of 
unsaturated lipides (2) have been described previously. Emulsions of 
other unsaturated compounds were prepared in the same manner. Con- 
jugated linoleic acid was prepared by alkali isomerization (15) of pure 
methyl] linoleate (Hormel Foundation). Colloidal linoleate peroxide was 
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prepared by the oxidation of colloidal linoleate at 0° catalyzed by soy bean 
lipoxidase. Larger quantities of linoleate peroxides were prepared by 
autoxidation of 60 per cent linoleic acid (Nutritional Biochemicals Corpora- 
tion) at 40° in the dark to peroxide levels of 500 m.eq. per kilo. 

The methods for oxygen absorption (8), peroxide determination (16), 
and spectrophotometric studies (17) are conventional techniques. Studies 
of hematin destruction during the catalysis of peroxide decomposition 
were made on the hematin which remains dissolved in the chloroform 
laver after the iodometric determination of peroxides. The hematin was 
measured colorimetrically (4). 
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Fic. 1. The effect of initial myoglobin concentration on colloidal linoleate oxida- 
tion. The symbols O, @, A, and A designate linoleate oxidation for initial myo- 
globin concentrations of 0.38 107°, 3.76 K 15.2 107%, and 37.6 K 10-* M, 
respectively. 


Results 


Catalysis of Colloidal Linoleate Oxidation by Myoglobin and Other Hematin 
Compounds—Typical oxygen absorption versus time plots for myoglobin- 
catalyzed linoleate oxidation at 0° and 37° are given in Fig. 1. Myo- 
globin, like hemin but unlike hemoglobin (4), catalyzes a rapid initiation 
of linoleate oxidation, accounted for by the oxygen lability of myoglobin. 
Because myoglobin readily undergoes oxidation to metmyoglobin, it was 
oxidized during preparation, gassing, and temperature equilibration prior 
to the oxygen absorption measurements. In contrast, hemoglobin was 
oxidized to hemiglobin (methemoglobin) (18) only after it was added to 
the linoleate. The large decrease in the rate of linoleate oxidation after 
1 hour is another effect of the oxygen lability of myoglobin, in contrast to 
the relative stability of hemin, cytochrome c, and hemoglobin. 

The rate of linoleate oxidation is a linear function of the square root of 
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the myoglobin concentration (Fig. 2). The rates for the catalytic oxida- 
tion of colloidal linoleate by myoglobin, hemin, hemoglobin, and cyto- 
chrome c are quantitatively similar. The differences in the catalytic ac- 
tivities of cytochrome c, hemin, and hemoglobin previously described (8) 
are not significant because of the effect on the reaction rate of linoleate 
oxidation by small concentrations of linoleate peroxide which unavoidably 
develop during the preparation for manometrice studies. 

The linear correlation between the rate of linoleate oxidation and the 
square root of the myoglobin concentration shows that a simple mechanism 
involving chain termination by a recombination of free radicals similar to 
that previously described (8) would be sufficient to explain these data on 
myoglobin-catalyzed linoleate oxidation. 
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Fic. 2. The relation between the rate of colloidal linoleate oxidation and the 
concentration of myoglobin. @, purified myoglobin; O, 66 per cent myoglobin and 
34 per cent hemoglobin. 


Similar studies with hemoglobin from the rat, hog, and turkey (Fig. 3) 
indicate that class and species differences of the hemoglobin source cause 
nosignificant difference in the rate of linoleate oxidation or deviations from 
the linear correlation of the oxidation rate and [hemoglobin]. 

Non-Specificity of Hematin Catalysts—The common property of the 


wide variety of unsaturated reactants listed in Table I is the formation of 


peroxides during oxidation (19). The intimate mechanism of hematin 
catalysis involves the reaction of hematin iron with a peroxide and sub- 
sequent decomposition of this activated complex into free radicals capable 
of initiating a chain reaction. All of the unsaturated reactants listed in 
Table I except sorbic acid were catalytically oxidized by hematin. 

It is probable, therefore, that the peroxides of these widely different 
unsaturated compounds react with hematin iron and undergo subsequent 
decomposition. Thus, hematin compounds appear to be very general 
peroxidative catalysts with a low order of specificity relative to the struc- 
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ture of the peroxide group or the molecule of which it is a part. Of the it 
reactants listed in Table I, conjugated linoleic acid and sorbic acid would : 
st 
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Fig. 3. The relation between the rate of colloidal linoleate oxidation at 0° and 
the concentration of hemoglobin. @, O, and CZ, hog, rat, and turkey hemoglobin, 
respectively. 
TABLE I 
Effect of Hematin on Rate of Oxidation of Unsaturated Compounds 
Unsaturated compound Temperature | vane of | Reaction rate 
Linseed alcohol 30 | 0 6.7 
| 50 | 800 ss 
Conjugated linoleic acid 37 | () | 270 of 
| | 0.5 1550 
| 5 4280 
Squalene 60 0 24.3 
| 50 250 pe 
Tetralin 60 | 0) 19.0 | 
| 0.5 960 fre 
| 5 3000 
Cyclohexene 60 | 0 1100 
| 5 2950 lin 
Cumene 60 | 0 150 ! 
5 2150 em 
p-Cymene | 60 0 12 det 
| 5 1400 le 
Sorbie acid | 60 0 118 
| | 0.5 20 of 
| | 5 | 7.5 ray 
cer 
be expected to form cyclic peroxides or polymeric peroxides (20). All the ne 
others form hydroperoxides, including squalene which forms a diperoxide ne 
consisting of one cyclic peroxide and one hydroperoxide (21). The stabil- 
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ity of sorbic acid peroxide may prevent its reaction with and decomposi- 
tion by hematin. The pronounced inhibition by small concentrations of 
hematin suggests that it may have been involved in chain termination of 
sorbic acid oxidation. 

The oxidation rate at 60° was increased by hematin catalysis above the 
autocatalytic rate in the order cyclohexene < squalene < cumene < p- 
cymene < tetralin. Cumene, p-cymene, and tetralin have similar reac- 
tive structures consisting of activated methylene groups adjacent to a 
phenyl group. The ratios of the oxidation rate catalyzed by 5 X 10-5 m 
hemin to the oxidation rate without the catalyst are 158, 117, and 14 for 
tetralin, p-cymene, and cumene, respectively. This effect can be partially 
explained by assuming that the peroxides of tetralin and p-cymene are 


PEROXIDE VALUE 
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Fic. 4. The decomposition of linoleate peroxide in emulsion systems. The hemin 
concentration was 2% 10°'m,. The reaction was carried out at 40° in an atmosphere 
of pure N2 and in the dark. 


more stable than cumene peroxide and that all three aromatics form 
peroxide-hematin complexes of similar stability. 

Similar to the general observation that hematin-catalyzed oxidation of 
free fatty acids is faster than that of esterified fatty acids was the finding 
that hematin catalyzed the oxidation of linseed alcohol more than that of 
linseed oil glycerides (2). 

Linoleate Peroxide Decomposition and Concurrent Reactions—The use of 
emulsion systems of linoleate peroxide as reactants facilitated the direct 
determination of peroxides by the iodometric method. They were rapidly 
decomposed in the presence of hematin (Fig. 4). The decrease in the rate 
of hematin-catalyzed peroxide decomposition after 10 hours was due to a 
rapid destruction of hematin and the large decrease in the peroxide con- 
centration. At 40° the non-catalyzed decomposition of peroxides in emul- 
sion systems was much greater than that found in single phase lipide sys- 
tems (19, 22). Changes in carbonyl content during the initial part of this 
reaction were measured by the method of Henick et al. (23). After 2 
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hours of non-catalyzed peroxide decomposition, there was no measurable 
increase in carbonyl compounds, whereas the hematin-catalyzed reaction 
showed an increase of 4 & 107-* moles per gm. 

At 40° in the presence of light, peroxide decomposition and concurrent 
hematin destruction were very rapid (Table II). The differences between 
hematin-catalyzed and non-catalyzed peroxide destruction are best ob- 
served at 0°. The ratio of moles of peroxide decomposed per mole of hema- 
tin destroyed was 1 X 10? at 0° and 3 X 10? at 40°. The studies of Du- 
bouloz et al. (24) likewise show concurrent destruction of lipide peroxides 


TABLE II 
Decomposition of Linoleate Peroxide and Concurrent Hematin Destruction 


Linoleate peroxide in an emulsion system under an atmosphere of nitrogen was 
allowed to decompose in the presence of 10 foot-candles of light with and without 
hematin as catalyst. 


Peroxide value 


Temperature | Time Hematin remaining 
| Control 2 10-4 hematin | 
a | hrs. m.eq. per kg. m.eqg. per kg. | per cent 

0 | 0 | 429 429 100 

| 0.53 | 344 So 

| 1.22 | | 395 78 

| 1.55 | 368 S4 

| 7.92 | 410 300 73 
| 17.9 | 287 | 

66.0 430 252 | 69 

40 0) 457 457 | 100 

0.82 218 | 44 

2.40 | 289 | 100 | 36 


and hematin compounds, but the ratio of peroxide to hematin destroyed 
was 50 under their conditions. 

The observation that hematin destruction was a linear function of perox- 
ide decomposition suggests that hematin is probably destroyed at random 
by a reaction with the free radical products from lipide peroxide decomposi- 
tion which, during the early stages, approximated a first order reaction. 

To determine whether peroxide decomposition involves a scission of the 
carbon chain at the double bonds, simultaneous measurements of peroxide 
and diene conjugation were made. The decrease in conjugated dienes 
corresponded to approximately half of the peroxide decomposition (Table 
III). The increase in chromophores that absorb at 278 my was greater 
than that found for hemin-catalyzed linoleate peroxide decomposition and 
is a measure of linoleate decomposition products, principally carbony! 
compounds, which absorb in this spectral region. 
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Spectral Studies of Hemoglobin-Catalyzed Linoleate Oxidation—The spec- 
tral curves (Fig. 5) for linoleate oxidation products of hog hemoglobin 
catalysis show two maxima at 232 and 280 mu, similar to those previously 


TABLE III 
Spectral Absorption Changes Concurrent with Linoleate Peroxide Decomposition 


Linoleate peroxides in a colloidal suspension of 0.05 m phosphate buffer, pH 7, 
0°, under a nitrogen atmosphere were decomposed in the dark by 4.2 K 10-5 m hemo- 
globin. 


Time Linoleate peroxide | Diene conjugation 
min. 1074 | X 10-4 | 
0 | 36 | 36 | 705 
66 | 8 | 20 | 1340 
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Fic. 5. Absorption spectra of the linoleate oxidation products resulting from 
hemoglobin catalysis. Curves 1, 2, and 3 are for oxygen absorption of 0.17, 0.24, 
and 0.33 mole of oxygen per mole of linoleate and hog hemoglobin concentrations of 
1.0 X 10-5, 2.0 X 10-5, and 4.1 & 10-5 Miron porphyrin. The inset shows the relation 
between the spectral absorption of linoleate oxidation products and oxygen absorp- 
tion. The symbols O, A, and (1 represent spectral absorption at the 278 mp maxi- 
mum when linoleate oxidation was catalyzed by rat, turkey, and hog hemoglobin, 
respectively. The corresponding filled symbols are for the 232 my maximum. Col- 
loidal linoleate, 0.02 x, buffered at pH 7, was used. The hemoglobin concentration 
ranged from 1 X 10-* to 40 


able 
tion 
rent 
ob- 
ma- 
Du- 
ides 
| 
Was 
hout 
ning 10000 — 
2 
~\ 
; 
o 
© OF O2 O38 
MOLE 0, / MOLE 
\ LINOLEATE 
ved 
rOX- 
fom 
the 
cide 
Nes 
ible 
ater 
and 
Yim 


728 LIPIDE OXIDATION BY HEMATIN COMPOUNDS 


found for hemin catalysis (8). One of the most interesting and unusual 
features of hemoglobin catalysis is the large absorbance of the linoleate 
oxidation products in the region of 280 mu. Under the same experimental 
conditions, the linoleate oxidation products of autoxidation, lipoxidase 
catalysis (8), and copper-protein catalysis (25) have low absorbance at 
280 mu. The decrease in the extinction at 232 my of Curves 2 and 3 in- 
dicates a decreased level of diene conjugation on the basis of the oxygen 
absorbed. A decrease in the ratio of diene conjugation to oxygen absorp- 
tion and an increase in the extinction at 280 mu are the typical effects of 
higher hemoglobin concentrations. The increase in extinction at 280 mu 
serves as a measure of the increased rate of production of peroxide decom- 
position products, mainly carbonyl compounds. 

The inset in Fig. 5 shows spectral absorption at the two maxima for the 
linoleate oxidation products of turkey, rat, and hog hemoglobin catalysis 
as a function of oxygen absorption. Because three different hemoglobins 
were used at various concentrations, the peroxidative decomposition of 
conjugated diene peroxides was a variable, causing wide scattering of the 
data. In general, these data show that the relatively high absorption in 
the region 278 mu and the relatively low conjugated diene absorption at 
232 mu are characteristic for hemoglobin catalysis, irrespective of source. 

Based on the increase in spectral absorption at 232 or 278 muy as a fune- 
tion of time, a rapid and direct spectrophotometric determination of the 
rate of linoleate oxidation catalyzed by hematin compounds has been 
developed. The use of this method is shown later in this paper. 

Denatured Globin Hemichromes—Attempts to observe the intermediate 
complex of hemiglobin or metmyoglobin and linoleate peroxide were made. 
Mixing various concentrations of hemiglobin or metmyoglobin and salts 
of linoleate peroxide resulted in the formation of denatured globin hemi- 
chromes (18) whose spectral characteristics are so similar to those antici- 
pated for the intermediate complex (26) that its formation could not be 
detected. The very rapid formation of denatured globin hemichrome by 
mixing hemiglobin or metmyoglobin with sodium or potassium salts of 
linoleic, oleic, stearic, or lauric acid (Fig. 6) can be ascribed to a non- 
specific denaturation of the globin by these surface-active compounds (18). 

Absence of Valence Change during Hematin Catalysis—The effect of car- 
bon monoxide, azide, and cyanide on hemoglobin catalysis was determined 
by use of a direct spectrophotometric measure of the formation of the 278 
my chromophore as a function of time. The results (Fig. 7) show the 
inhibition of cyanide. Non-inhibition by carbon monoxide is strong evi- 
dence against a valence shift in iron during hematin compound catalysis 
of linoleate oxidation (18), since it combines strongly with ferrous ion in 
hematin compounds. To circumvent the possibility of light dissociation 
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of carboxyhemoglobin, linoleate oxidation catalyzed by hemin and hemo- 
globin was carried out in the dark in Thunberg tubes containing gas mix- 
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Fic. 6. Spectral absorption of denatured globin hemichromes resulting from the 
addition of potassium linoleate to methemoglobin and metmyoglobin. 
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Fic. 7. Linoleate oxidation catalyzed by human oxvhemoglobin, hemiglobin 
cyanide, carboxvyhemoglobin, and hemiglobin azide. The reaction at 22° was fol- 
lowed by the direct spectrophotometric method. The reactant was 3 ml. of 0.02 m 
colloidal linoleate, pH 9, saturated with oxygen. The concentration of hematin com- 
pounds was 3.4 XK 10-§m. The concentrations of cyanide and azide were 4 X 10~4 
and 2X 10-4 M, respectively. 


tures of 0.5 atmosphere of CO pressure + 0.5 atmosphere of O» and 0.5 
atmosphere of N. + 0.5 atmosphere of O».. » Measurement of linoleate 
oxidation by spectral absorption at 232 and 278 mu after 1 hour showed 
that the reaction rate was the same for both gas mixtures. Thus, there 
was no inhibition by carbon monoxide. 
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If hematin compound catalysis of linoleate oxidation involved a valence 
change, the activity of the catalyst should be a function of its oxidation- 
reduction potential (27). Conversion of hemin to hemichromes by reac- 
tion with nitrogenous bases varied the oxidation-reduction potential over 
a wide range. Ammonia and pilocarpine hemichromes accelerated the 
reaction to 175 and 160 per cent of the control, whereas cyanide, nicotine, 
and histidine inhibited to 39, 52, and 66 per cent of the control. The 
pyridine, a-picoline, and piperidine hemichromes gave reactions equal to 
hemin. These effects are not pronounced, and the catalytic activity does 
not correlate with the known oxidation-reduction potentials (18). 

Effect of Hydroxyl Ion Concentration—The bonding of hydroxyl ion to 
the sixth bond position of the iron in hematin compounds at pH values 
above 7 (18) often changes their peroxidative activity (28). Since such 
changes furnish valuable information about the ability of the peroxides to 
replace the bound hydroxyl groups, the effect of increased hydroxy] ion 
concentration on hemoglobin-catalyzed linoleate oxidation was studied. 
Between pH 7.8 and pH 9.5 the oxidation rate was increased over 2-fold. 
This indicates that the formation of the lipide peroxide-hemiglobin com- 
plex is not suppressed by the increased binding of hydroxyl ion. This 
reaction is markedly different from that of hydrogen peroxide with alkaline 
peroxidase or alkaline hemiglobin, which is suppressed by increased hy- 
droxyl ion concentrations (28). 


DISCUSSION 


The critical part of the mechanism of hematin compound catalysis of 
lipide oxidation is the initiation reaction in which free radicals are formed. 
Initiation involves the reaction of a hematin compound with a lipide 
peroxide to form an intermediate complex and the subsequent decomposi- 
tion of the intermediate complex into free radicals. Reaction of hematin 
compound and peroxides is a very general phenomenon. The peroxidative 
reactions of hemoglobin, myoglobin, catalase, and peroxidase with hy- 
drogen peroxide and short chain alkyl peroxides are well known (18, 26), 
This research and others (4, 8) have shown that hematin, cytochrome ¢, 
metmyoglobin, hemiglobin, and many of their derivatives are powerful 
catalysts for the oxidation of a wide variety of unsaturated lipides and other 
peroxide-forming organic compounds. The iron porphyrin and the perox- 
ide group are the essential reactants. The probable reaction between the 
hematin nucleus and linoleate peroxide is represented as in the accompany- 
ing arrangement. 

The reaction between linoleate peroxide and hematin to form the inter- 
mediary complex is probably reversible, as are reactions of simpler perox- 
ides with hematin compounds (28). Since the —O—O— bond of the iron 
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N OH N 
H 
R—C=C—C=C—C—R! + Fe 
H H H H O a 
O N 
H 
H 
R—C=C—C=C—C—R! + H.0 
H H H H 
O 
----|---- 
N ON 
Fe 
N N 
O Fa 
R—C=C—C=C—CH—R! + Fe 
H H H H 


porphyrin-peroxide is the weakest, the initial scission undoubtedly occurs 
here. In the presence of excess linoleate the hematin radical can ab- 
stract an activated methylene hydrogen, 


N ON 
H 
R—C==C—C—C==C—R! + Fe — 
H H H H H Pg 
N N 
N OH N 


N 


regenerating the original hematin and producing a linoleate radical. The 
linoleate radical could cause free radical chain reaction propagation by 
mechanisms which are now generally accepted (8, 19). In the presence of 
excess linoleate the conjugated linoleate hydroxy radical might also ab- 
stract an activated methylene hydrogen from linoleate, starting another 
reaction chain. Many other reactions of these free radicals are possible, 
and the pathways taken would depend upon the environmental conditions 
existing during the reaction. Carbonyl compounds may be produced 
during hematin catalysis by reactions involving decomposition of the 
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intermediate iron porphyrin-linoleate peroxide with concurrent scission of 
the —O—O— bond of the peroxide and a —C==C— bond or a —C—C— 
bond in the linoleate chain. Spectrophotometric measurements (Table 
III) indicate that linoleate peroxide decomposition does involve scission 
of the carbon chain at the double bonds. 

The destruction of the hematin catalysts which occurs during linoleate 
peroxide decomposition (Table II) and during the subsequent linoleate 
oxidation is probably caused by a random reaction of the hematin com- 
pound with a free radical. This reaction may be similar to the concurrent 
oxidation of carotenoids and antioxidants in the hematin-catalyzed reac- 
tion (2, +). Cooxidation of carotenoids and antioxidants most probably 
involves abstraction of hydrogens by linoleate peroxide radicals. Because 
of the high reactivity of the free radical intermediates, many non-specific 
cooxidations can be expected to occur during hematin-catalyzed lipide 
oxidation. 

The evidence presented in this research against a valence change in the 
iron strongly suggests that the iron porphyrin-lipide peroxide formation and 
subsequent decomposition involve no compulsory valence changes. 

Information relative to the bonding of lipide peroxides to hematin 
compounds can be obtained from inhibition studies. Two types of in- 
hibition have been observed. Cyanide forms a very stable hemichrome 
and probably inhibits because the lipide peroxide cannot displace the 
cyanide ion from the iron atom in the heme nucleus. Other nitrogenous 
compounds like ammonium ion form weak hemichromes and cause in- 
creased catalysis. Increasing the hydroxide ion concentration has the 
same effect of increasing the catalytic reaction. Ammonium ions and 
hydroxy] ions may be readily replaced by peroxides and may function in 
this manner to increase hematin catalysis. Other nitrogenous compounds 
like histidine and tryptophan and dyes like methylene blue and thionine 
are not known to form hemichromes of great stability, yet are good in- 
hibitors (2). These relatively large molecules may function as inhibitors 
primarily through steric effects. A large molecule attached to the iron 
in the heme nucleus could block the lipide peroxide from a close approach 
to the iron atom. 


SUMMARY 


Hematin compounds are non-specific catalysts for the decomposition of 
peroxides. Myoglobin has catalytic activity quantitatively similar to that 
of hemin, cytochrome c, and hemoglobin. A wide range of unsaturated 
lipides and peroxide-forming organic compounds is catalytically oxidized 
by hemin. During the decomposition of linoleate peroxide there is a loss 
of double bonds and formation of carbonyl compounds. Also, hematin is 
concurrently destroyed. The spectral absorption of linoleate oxidation 
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products resulting from hemoglobin catalysis is characterized by a marked 
absorption at 232 and 278 mu. Non-inhibition by carbon monoxide and 
the fact that the catalytic activity of hemichromes is not a function of the 
oxidation-reduction potential are strong evidence against a valence change 
during hematin catalysis. Hematin catalysis is not suppressed by in- 
creased pH. 

These results suggest that hematin catalysis involves the formation of a 
lipide peroxide-hematin compound and its subsequent decomposition into 
free radicals which propagate chain reaction oxidations. The reactions of 
free radical intermediates can account for the fragmentation of fatty acids 
and the concurrent destruction of catalyst. Ions or compounds attached 
to the iron atom of hematin may greatly modify its catalytic activity. 
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BIOCHEMISTRY OF AMPHIBIAN METAMORPHOSIS 
Il. ARGINASE ACTIVITY* 


By JOHN L. DOLPHIN anp EARL FRIEDEN 


(From the Department of Chemistry, Florida State University, Tallahassee, 
Florida) 


(Received for publication, April 25, 1955) 


The metamorphosis of Amphibia may be regarded as an important 
phase of biochemical evolution (1). While considerable attention has been 
given to morphological changes during this process (2, 3), much less effort 
has been directed towards the biochemistry of amphibian metamorphosis. 
Some of the early data have been summarized by Needham (4). More 
recent work has been reported by Melnic (5), Nowinski (6), and Riggs 
(7). 

Munro (8) observed an increase in urea production in the course of 
metamorphosis of Rana temporaria tadpoles with an increase in arginase 
activity. The enzyme arginase has been well characterized for several 
other species. Experimentation was begun in 1952 to extend the observa- 
tions of Munro and to correlate changes in enzyme activity with morpho- 
logical changes. Prior to the completion of these studies, Munro published 
his second paper in this field regarding nitrogen metabolism in induced 
metamorphosis (9). 

Agents other than thyroid preparations affect liver arginase in other 
species (10-13). They were studied with and without thyroxine in an 
attempt to separate morphological and enzymatic changes. Some of these 
agents have been found to enhance thyroxine- and triiodothyronine- 
induced metamorphosis (14). These observations may aid in the clarifi- 
cation of the mode of action of thyroxine on liver arginase in tadpoles, 
particularly in view of Barch’s report that the metabolic response to thy- 
roxine precedes the morphological response (15). 


Methods 


Treatment of Animals—The Anurae used in this study, Bufo terrestris 
and Rana hecksheri, Wright, were collected from natural habitats in north- 


* This investigation was supported in part by research grant RG-2628 from the 
National Institutes of Health, United States Public Health Service. The use of 
equipment provided by the Research Council of Florida State University is grate- 
fully acknowledged. A preliminary report has appeared (Frieden, E., and Dolphin, 
J. L., Federation Proc., 18, 213 (1954)). 

t Present address, Robert A. Taft Sanitary Engineering Center, Cincinnati 26, 
Ohio. 
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ern Florida. The tadpoles were maintained in tap water in the laboratory 
prior to use and fed at regular intervals, and the water was changed 12 
hours after feeding. 

Prior to being used, the animals were fasted, 24 hours for the Bufo 
tadpoles and 48 hours for the Rana species. These periods were used to 
establish a base-line level of arginase activity. After this period, the 
animals were employed as controls or treated as indicated in Table I. 
They were maintained at 29° + 0.5° in an incubator during all experi- 
ments. 


TABLE I 
Methods and Periods of Administration of Metabolic Agents to Anurae 
Species Hormone Fa et | Concentration or dose per day adminis 
| 

| hrs. 

B. terrestris Thyroxine* Immersion | 2x 107m 24-75 
Triiodothyroninet | 2x 10°77 24-75 

| days 

R. hecksheri, Thyroxine Injection 0.5 ml.1 X 1-21 
Wright Triiodothyronine 0.5 “ 1X 1-7 
Growth hormonet 1 rat unit 5 
Hydrocortisone§ 0.05 ml. 1 X l- 4 

Insulin|| 4 international units 1- 2 
2,4-Dinitrophenol | Immersion |§ 1 X 107+ Mm | 1-4 

Epinephrine¥ Injection 0.05ml.1X10-*m 1-4 


* L-Thyroxine contributed by the Glaxo Laboratories. 

t Triiodothyronine contributed by the Smith, Kline and French Laboratories. 

t Gift of Armour and Company for this study. Rat unit defined by Li e¢ al. (16). 
§ Hydrocortisone contributed by The Upjohn Company. 

|| Pharmacopoeia of the United States, thirteenth revision, Easton, 265 (1947). 
{ Recrystallized, Eastman Kodak Company. 


The ratio of the hind limb length to the tail length was chosen as the 
morphological index. This index is the reciprocal of the allometric index 
suggested by Roth (17). Measurements were made prior to and at inter- 
vals during the course of treatment. Upon conclusion of treatment, these 
measurements were repeated and the livers removed. The livers of the 
Bufo tadpoles were removed under magnification to exclude extraneous 
tissue. 


Arginase Activity 


B. terrestris—Owing to the small size of the livers in this species, twelve 
animals were used for each experiment and the livers pooled to provide 
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an adequate amount of tissue. A 2 per cent homogenute was activated 
with cobaltous ion at 50° + 0.5° according to Hunter and Downs (18). 
The assay procedure of Archibald and Van Slyke (19, 20) was employed, 
and the activity was determined at 37° + 0.1°. An amendment to include 
a constant amount of acid for the controls was made in this procedure. 

R. heckshert, Wright—Individual livers were lyophilized prior to assay. 
A 0.2 per cent solution of the dry tissue was made, and activation and en- 
zyme assays were carried out as for Bufo. 


Free Amino Acids 


Ethanolic extracts of the liver, according to the technique of Awapara 
(21), were used to determine the free amino acid concentration of that 
tissue. Unidimensional descending chromatograms, with the solvent of 
Partridge (22), on Whatman No. 1 filter paper were employed for analysis. 
Controls prepared according to Levy and Chung (23) were run concur- 
rently with extracts at 25-29°. 

The method of Fisher et al. (24, 25), employing the measurement of the 
area developed after treatment with ninhydrin, gave semiquantitative 
values of the concentration of each amino acid. 


Results 


In Fig. 1, the comparative morphological changes induced by equal 
doses of thyroxine and triiodothyronine are shown at 120 hours after the 
initiation of treatment. The same developmental stage reached by the 
triodothyronine-treated animals required approximately 420 hours of thy- 
roxine treatment. 


Arginase Activity 


B, terrestris—Fig. 2 summarizes the variation in arginase activity during 
normal and induced metamorphosis. The line is drawn on the basis of 
least squares. In each case, an approximate linearity exists between the 
morphological stage and the enzymatic activity. A final liver arginase 
activity of 25 + 1 wmoles of urea produced in 30 minutes per gm. of liver 
tissue occurred in each case. The rate of increase of liver arginase ac- 
tivity is augmented during induced metamorphosis. In this species, 
metamorphosis normally results in a 3.5-fold increase in arginase activity. 
Feeding experiments, as summarized in Fig. 3, showed that liver, given 
prior to and during the course of metamorphosis, resulted in a greater 
increase in arginase activity than is normally found. Eggs and greens 
did not induce this 5-fold change. It is possible that liver contains an 
additional factor which is active in the synthesis or activity of the enzyme. 

R. hecksheri, Wright—The greater premetamorphic and metamorphic 
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periods in this species may account for the non-linearity in Fig. 4 in com- 
parison with Fig. 2. Here again, the enzymatic change with thyroxine 
proceeds more rapidly than the morphological change. The final concen- 
tration of the arginase activity in the liver is 68 uwmoles of urea produced 
in 30 minutes per gm. of dry tissue, with a maximal error of +5 per cent. 

To distinguish between the phenomena of morphological and enzymatic 
change, experiments were designed to isolate them from each other if 
possible. Fig. 5, plotted with the curves of Fig. 4, shows that. the morpho- 


HOURS (20 | CONTROL 
THYROXINE 
TRUODOTHYRONINE 


Fic. 1. Comparison of R. hecksheri, Wright, tadpoles treated 120 hours earlier 
with saline, thyroxine, and triiodothyronine. Dosages recorded in Table I. 


logical changes of metamorphosis do not necessarily parallel activity of 
liver arginase. Of the agents tested, only dinitrophenol appeared to 
induce metamorphosis as measured by the allometric index~!. Treatment 
with the other agents was initiated at approximately the same morpho- 
logical stage indicated in Fig. 5. Some of these data are summarized in 
Table II. Testosterone propionate, estrone, and progesterone, given with 
or without thyroxine, had no appreciable effect on the liver arginase 
activity. 


Amino Acid Pattern 


The larger size of the tadpoles of R. hecksheri facilitated the investiga- 
tion of changes in the free amino acids of the liver that might clarify 
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changes in the arginase concentration. Of particular interest were the 
changes in concentration of arginine and tyrosine among the seventeen 
amino acids identified. None of the amino acids that were found was 
unique for this species. 


40 
BUFO TERRESTRIS | FEEDING EXPTS. 
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Fic. 2. Arginase activity during normal and induced metamorphosis in B. ter- 
restris. Arginase activity in micrograms of urea produced in 30 minutes per gm. of 
liver. The allometric index is the ratio of the hind limb length to the tail length. 
A, control; X, triiodothyronine; O, thyroxine: M, thvroxine plus liver; @, voung 
toad. 

Fic. 3. Time sequence of the changes in arginase activity and allometric index 
during induced metamorphosis in B. terrestris. The effect of liver resulting in a 
greater final enzymatic activity is also presented. The arginase activity is expressed 
in micromoles of urea produced in 30 minutes per gm. of tissue. Solid bar, control; 
crossed bar, thyroxine; clear bar, thyroxine plus liver. 


The concentrations of arginine and tyrosine decrease during meta- 
morphosis (Fig. 6). Normally, the decrease was found to be more rapid 
for tyrosine than for arginine. A more rapid decrease in concentration of 
tyrosine and arginine is observed in thyroxine- and triiodothyronine- 
induced metamorphosis. In fact, no free arginine could be detected at 
‘very early morphological stages in the livers of tadpoles subjected to 
triodothyronine-induced metamorphosis. Some hormonal effects on argi- 
nine and tyrosine are included in Table II. 

No decisive alterations in the concentrations of most of the other amino 
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RANA HECKSCHERI WRIGHT 
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Fic. 4. Arginase activity during normal and induced metamorphosis in R. heck- 
shert. Arginase activity in micromoles of urea produced in 30 minutes per gm. of 
tissue. O, control; 0, thyroxine; @, triiodothyronine. 

Fic. 5. Effects of metabolic agents on the arginase changes of normal and in- 
duced metamorphosis. @, dinitrophenol; O, growth hormone; X, growth hormone 
plus thyroxine; A, insulin; @, insulin plus thyroxine; 0, epinephrine; &, hydro- 
cortisone. Arginase activity in micromoles of urea produced in 30 minutes per gm. 
of tissue. 


TABLE II 
Summary of Effects of Metabolic Agents on R. hecksheri 
Change in| “arginse 
tivity |Liver-f inine| Liver-f 
morphosis 
per cent per cent paar 
+0- 33 Decrease Decrease 
Triiodothyronine......... +0- 33 
Growth hormone.......... +0- 15 +30 
Hydrocortisone........... +100 +67 
2,4-Dinitrophenol........ —70 Increase 
Epinephrine.............. +100 +80 No effect or slight 
| increase 


acids were noted. The amino acids were identified as alanine, asparagine, 
aspartic acid, cystine, glutamic acid, glycine, histidine, leucine, methionine, 
phenylalanine, proline, serine, tryptophan, and valine. 
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DISCUSSION 


Various laboratories have reported on the comparative efficacy of 
thyroxine and triiodothyronine on amphibian metamorphosis (14, 26-28). 
In both species used in this study, it was found that the potency of triiodo- 
thyronine is between 3- and 4-fold that of thyroxine. Data obtained 
with triiodothyronine and thyroxine fit the same curve, suggesting that 
these agents have the same mode of action on liver arginase. 

The percentage increase in urea production through metamorphosis as 
reported by Munro (8, 9) and the arginase activities reported for R. heck- 
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Fic. 6. Changes in the liver free amino acid pattern of arginine and tyrosine 
during normal and induced metamorphosis. The control tadpoles represent normal 
animals whose livers were analyzed at the indicated allometric index". 


sheri, Wright, in this paper agree quite well. Arginase activity was not 
demonstrable in the livers of newly hatched R. hecksheri tadpoles, owing 
perhaps to the extremely large amount of tissue required, the Archibald- 
Van Slyke method being subject to interference due to protein in the re- 
gions of low enzyme activity. 

The effect of the diet on arginase activity has been previously reported 
(10-13). Kochakian found that the protein content of the diet influenced 
arginase activity only when cobaltous ion was employed for activation. 
Since manganous ion has no effect in this last instance, the suggestion has 
been made of the existence of two arginase enzymes. Manganous ion 
was found to be an activator for the arginase enzyme observed in these 
species, but was not employed for study of the dietary factors. 
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The agents studied for their effect on liver arginase to distinguish it 
from morphological changes may have their actions explained by the con- 
cept presented by Rosenthal et al. (29, 30). This concept states that the 
greater the protein catabolism, the more rapid is the increase in liver 
arginase. Hydrocortisone and epinephrine best exemplify agents foster- 
ing protein catabolism, and their effects on liver arginase support Rosen- 
thal’s thesis (Fig. 5 and Table II). Growth hormone, an anabolic agent, 
would not seem to fit this pattern, but treatment with it does result in an 
increase in liver size. Rosenthal’s group found that changes in liver ar- 
ginase are always initiated by simultaneous gain or loss of hepatic protein. 

The lack of change in the arginase activity following treatment with 
dinitrophenol may be due to its well known effect on oxidative phosphoryl- 
ation (31). In agreement with Bruice, Winzler, and Kharasch (26), we 
have found it necessary to administer dinitrophenol continuously to 
instigate apparent morphological changes. ‘These changes are primarily 
catabolic and may reflect the interference of the agent on protein synthesis. 
The contrasting arginase response of the tadpole to thyroxine and dinitro- 
phenol represents a significant qualitative difference in the metabolic ac- 
tion of these two agents. 

Other than the accord between Munro’s work (8, 9) and that reported 
here, there is little agreement among workers on the effect of thyroid 
preparations .on liver arginase (32-34). Thyroidectomy decreases the 
liver arginase in most species (35). Using premetamorphic Anurae as a 
test system, one is dealing with an animal devoid of all or part of the 
adult thyroid activity. 

The more rapid increase in arginase activity in induced metamorphosis 
correlates with the more rapid decrease in free arginine in the liver. The 
change in the tyrosine level, possibly indicating more rapid incorporation 
into liver protein, perhaps arginase, is also augmented. The interpreta- 
tion of these results, as well as those of the agents employed not of thyroidal 
origin, has led to the conclusion that thyroid preparations do not directly 
initiate changes in liver arginase. This is in agreement with the enhance- 
ment by hydrocortisone of thyroxine-induced metamorphosis (14). To 
substantiate this, the effects of thyroid preparations on adrenalectomized 
premetamorphic Amphibia are being examined. 


SUMMARY 


An increase in liver arginase activity during normal and induced meta- 
morphosis has been observed in two species of tadpoles. A relationship 
has been found to exist in these species between the morphological stage 
and arginase activity. In both species, arginase activity responds more 
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rapidly to thyroxine and triiodothyronine than do the morphological 


changes. 
Immersion of animals in a solution of dinitrophenol does not cause an 


increase in liver arginase activity. Treatment with hydrocortisone re- 
sults in a 2-fold increase in liver arginase without morphological changes. 
Other hormones tested had little or no effect on the arginase activity. 

The concentration of free arginine and tyrosine in the liver decreases 
very appreciably during normal metamorphosis, but even more rapidly 
during induced metamorphosis. The concentrations of the other free 
amino acids tested underwent no pronounced changes during meta- 
morphosis. 
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OXIDATION EFFECTS OF PHOSPHOLIPIDES IN RAT 
LIVER SYSTEMS | 


By G. V. MARINETTI* ann ELMER STOTZ 


(From the Department of Biochemistry, The University of Rochester School of 
Medicine and Dentistry, Rochester, New York) 


(Received for publication, April 28, 1955) 


Numerous studies have been made on the biological oxidation of the 
free fatty acids (1-3). However, the enigma exists that in the cells of ani- 
mals the free fatty acids are found in very low concentration (4), in con- 
trast to the combined forms of the fatty acids such as cholesterol esters, 
glycerides, and phospholipides which are found in much higher concentra- 
tion. The present study was aimed to investigate the possibility that 
the phospholipides act as intermediates whereby the fatty acids are made 
available for oxidation. 

The theory that phospholipides are involved in the oxidation of the fatty 
acids appears to have originated with Loew (5) who pointed out that the 
water miscibility of the phospholipides might afford a means for the trans- 
port and combustion of the water-insoluble long chain fatty acids. The 
observation that the higher degree of unsaturation of liver phospholipides 
was the result of dehydrogenation was regarded as supporting evidence 
for this theory (6). Other workers have shown the ability of phospholipides 
to undergo oxidation (7-9). Unfortunately, in most cases the compounds 
tested were of dubious composition, and hence an evaluation of the results 
is dificult to make. Only within recent years have pure phospholipides, 
both synthetic and naturally occurring, been made available for study (10— 
13). 

The action of dehydrogenating enzymes on phospholipides has also been 
explored. Thus Annau and coworkers (14, 15) found that a beef liver en- 
zyme, activated by hypoxanthine, was able to dehydrogenate lecithin. 
This enzyme appears to be different from those reported by Lang 
and Mayer (16), Burton (17), and Blakley (18) which act on a variety of 
fatty acids. 

The activity of liver and liver mitochondria in the synthesis of phos- 
pholipides has been established by the work of Kornberg and Pricer (19) 
and Kennedy (20). The reaction products appear to be phosphatidic acids. 

Recently Jedeikin and Weinhouse (21) studied the incorporation of 
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palmitate into the phospholipides and other tissue lipides. Since ATP! 
and CoA enhanced the palmitate incorporation into the phospholipide frac- 
tion, the authors suggested a reversible transesterification mechanism 
involving the transfer of a fatty acid acyl group between CoA and a phos- 
pholipide derivative. The transesterification reaction between phospholip- 
ides or phosphatidic acids with CoA to form acyl CoA derivatives offers 
an explanation to elucidate the manner in which the fatty acids might 
be made available for oxidation by the classical mechanism (2, 3, 22, 23). 
Furthermore, the phospholipides occur in high concentration in mitochon- 
dria where the fatty acid-oxidizing enzymes are located (1). 

The present paper demonstrates that lecithin, cephalin, sphingomyelin, 
and cerebroside either are oxidized or stimulate oxidative processes in rat 
liver homogenates and mitochondria. A comparison of the properties of 
the enzyme systems for fatty acid oxidation and for the phospholipide 
effect was made. 


EXPERIMENTAL 


Reagents—Samples of synthetic L-a-dipalmitoylglycerophosphorylcholine 
(L-a-dipalmitoyllecithin), 
(L-a-dimyristoyleephalin), and  L-a-dimyristoylglycerophosphorylcholine 
(L-a-dimyristoyllecithin) were kindly furnished by Dr. Erich Baer of the 
University of Toronto. 

Naturally occurring hydrolecithin (L-a-dipalmitoyllecithin) was_ pre- 
pared from beef brain according to the procedure of Thannhauser and Bon- 
coddo (13) and extensively purified to yield a crystalline product with a 
melting point of 234-236° (decomposition). The infra-red spectrum of 
this product was identical with that of the pure synthetic sample obtained 
from Dr. Baer. 

Sphingomyelin was prepared from beef brain according to the procedure 
of Thannhauser and Boncoddo (13) and extensively purified. Chemical 
analyses and infra-red data have been published elsewhere (24). Cerebro- 
side was prepared from beef brain and purified by the use of fractional 
crystallization and chromatographic columns. Chemical analyses, infra- 
red spectrum, and the method of purification are reported in a previous 
paper (25). 

Emulsions of the lipides were prepared by heating a given amount in a 
known volume of water at 80° for 1 minute with shaking. Cephalin and 
both synthetic and naturally occurring L-a-dipalmitoyllecithin formed 
stable emulsions, whereas sphingomyelin, cerebroside, and L-a-dimyristoyl- 


1 The following abbreviations are used in this paper: CoA = coenzyme A; ATP 
= adenosine triphosphate; ADP = adenosine diphosphate; AMP = adenosine-5’- 
monophosphate; Tris = tris(hydroxymethyl)aminomethane. 
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lecithin formed less stable emulsions. Emulsions of cephalin were nearly 
transparent. 

Pure hexanoic, octanoic, palmitic, and oleic acids were kindly donated 
by Dr. R. F. Witter of this laboratory. These fatty acids were studied in 
order to compare phospholipide oxidation with fatty acid oxidation. 

Cytochrome c was prepared from beef heart according to the method of 
Keilin and Hartree (26). The solution was adjusted to 2 X 10-4 mM. 

ATP and ADP were purchased from either the Pabst Laboratories or the 
Sigma Chemical Company as the dibarium salts. AMP was purchased 
from the Sigma Chemical Company as the free acid and neutralized to pH 
7.4 before use. Hypoxanthine, adenine, and adenosine were obtained from 
General Biochemicals, Inc. Solutions of these compounds, as well as solu- 
tions of the fatty acids mentioned above, were adjusted to pH 7.4 before 
use. 

Enzyme Preparations—Rat liver homogenates were prepared according 
to the procedure of Lehninger (27) in a ground glass homogenizer (28) and 
with calcium-free Krebs-Ringer-phosphate buffer (29). Washed rat liver 
particles were prepared according to the procedure of Witter and cowork- 
ers (30). 

Rat liver mitochondria and their acetone powders were kindly furnished 
by Dr. R. F. Witter of this laboratory. Mitochondria were prepared in 
isotonic sucrose according to a slightly modified procedure of Kielley and 
Kielley (31). In order to make acetone powders, the mitochondria were 
treated with 9 volumes of acetone at 0°, centrifuged at the same tempera- 
ture, washed once with 10 volumes of acetone, once with 5 volumes of per- 
oxide-free ether, and the residue was quickly dried in vacuo to yield a 
pale yellow powder which was stored in the cold in vacuo. 

Analytical Mcthods—Oxygen uptake was measured at 30° in 15 ml. War- 
burg flasks (two side arms) containing either 2.1 or 3.1 ml. of reaction mix- 
ture and 0.2 ml. of 30 per cent KOH in the center cup. The chilled cofac- 
tor solution was placed in one side arm and the substrate in the other. The 
remaining constituents were placed in the main compartment, and the en- 
tire flask was kept near 0° until ready for use. 

Equilibration was carried out for 5 minutes in the 30° water bath prior 
to manometric measurements. After equilibration the stop-cocks were 
closed, the side arms tipped, and the readings taken every 10 minutes for a 
period of 1 to3 hours. In all cases air was the gas phase. 

Acetoacetate was measured by the aniline-citrate method (32). 


Results 


Oxidation of Phospholipides by Rat Liver Homogenates—The data pre- 
sented in Table I show that AMP is a better cofactor for activating phos- 
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pholipide oxidation than ATP. However, phospholipide oxidation was 


less than that of hexanoate. 

The experimental data of Table IT indicate that phosphate ions are es- 
sential for maximal activity, because the substitution of Tris buffer for 
phosphate buffer markedly decreased the oxidation of hydrolecithin. The 
same results were obtained with phosphate buffer at pH 8.0 instead of pH 
7.7. ADP was found to be an active cofactor, but not as effective as AMP. 
Since adenine and adenosine are part of the adenylic acid molecule, 
it seemed worth while to test these compounds in order to find out which 
part of the nucleotide molecule was responsible for activity. The data in 


TABLE I 
Effect of ATP and AMP on Phospholipide Oxidation by Rat Liver Homogenate 


| | 
Substrate | AMP | ATP | | min, 
| | c.mm. c.mm. 
Iendogenous | + | _ | 359 
Hydrolecithin + | = | 465 106 
Hexanoate | + | _ | 505 146 
Iendogenous | | + 482 
Hydrolecithin | a | + | 505 23 
Hexanoate | - | “+ | 564 82 


The system consisted of the following: 0.4 ml. of 0.1 m phosphate buffer, pH 7.7, 
0.1 ml. of cytochrome c, 0.3 ml. of 0.013 mM AMP or ATP, 0.5 ml. of liver homogenate, 
0.3 ml. of 0.01 m hexanoic acid or 0.8 ml. (3 mg.) of hydrolecithin, and water to make 
a final volume of 2.1 ml. 

* A value refers to the difference between the total (endogenous + substrate) and 
endogenous oxygen consumption. 


Table II show that AMP is much more effective than either adenine or 
adenosine. It appears, therefore, that the entire AMP molecule is re- 
quired as a cofactor. 

The results presented in Table III demonstrate that an excess of mag- 
nesium ions inhibits the oxidation of phospholipide. On the other hand 
magnesium ions stimulated oxidation of palmitate and acetoacetate pro- 
duction from palmitate. The oxidation of hydrolecithin produced very 
little acetoacetate in comparison with palmitate oxidation. O’Connell 
and Stotz (33) reported a similar finding. The inhibitory effect of mag- 
nesium ions (or calcium ions) may possibly be due to complex formation 
with the phospholipides or to activation of enzymes which give rise to 
lysolecithins. 

Since Annau and coworkers (14, 15) and Burton (17) have shown that 


hi 
wi 
in 
th 
or 
ad 
an 
p 
da 
th 
th 
ac 
SI] 


G. V. MARINETTI AND E. STOTZ 749 


hypoxanthine is an active cofactor in the dehydrogenation of lecithin and 
higher fatty acids, this purine was also investigated. The data presented 
in Table IV show that hypoxanthine is slightly more effective than AMP 
in the oxidation of hydrolecithin at a concentration one-third that of AMP. 
Since hypoxanthine was more effective at a low concentration than at the 
higher concentration tested, the effect is thought to bea real activation of 
the enzyme system. In addition, the replacement of AMP by hypoxan- 
thine greatly reduced the endogenous respiration. 


TABLE II 
Effect of Cofactors on Phospholipide Oxidation by Rat Liver Homogenates 
Substrate | AMP | ADP Adenine. buffer tion, 90| min. 
min. 
c.mm. c.mm. 
I:ndogenous + - , | + 285 
endogenous | + | + 222 
| 
endogenous | + ~ + 320 
Hydrolecithin + + 554 234 
| 
Hydrolecithin + 212 20 
| | 
endogenous + + 162 


The system consisted of the following: 0.4 ml. of 0.1 m phosphate buffer, pH 7.7, 
or 0.4 ml. of Tris buffer, pH 8.0, 0.1 ml. of cytochrome c, 0.3 ml. of 0.01 m AMP, ADP, 
adenosine, or adenine, 0.5 ml. (3 mg.) of hydrolecithin, 0.5 ml. of liver homogenate, 
and water to make a final volume of 2.1 ml. 


The results presented in Table V clearly show that malonate, dinitro- 
phenol, calcium, and fluoride are effective inhibitors of phospholipide oxi- 
dation. The inhibition by malonate suggests that the oxidation of leci- 
thin proceeds via the Krebs tricarboxylic acid cycle (3). Furthermore, 
the inhibition by dinitrophenol might indicate a relationship between phos- 
pholipide oxidation and oxidative phosphorylation, just as with the fatty 
acids (1). 

Owing to the finding that hydrolecithin showed activity, it seemed de- 
sirable to test other lipides. Thus, as can be seen from the data of Table 
VI, synthetic dipalmitoyllecithin, dimyristoyllecithin, dimyristoylcephalin, 
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beef brain sphingomyelin, and cerebroside all possessed activity. The 


synthetic dipalmitoyllecithin and naturally occurring hydrolecithin were } 


TABLE III 


Effect of Magnesium on Phospholipide and Fatty Acid Oxidation and on Acetoacetate 
Formation by Rat Liver Homogenate 


Substrate | Mg Oz ee, ! A, 65 min. Acetoacetate 
Endogenous | - 272 | 0.76 
Hydrolecithin | — | 382 | 110 | 1.19 
Palmitate | | 233 | — 39 0.92 
| | | 
Endogenous | + 225 | | 0.48 
Hydrolecithin | + 279 | 54 | 0.96 
Palmitate ! a 315 | 90 | 2.61 


The system consisted of the following: 0.4 ml. of 0.1 m phosphate buffer, pH 7.7, 
0.1 ml. of cytochrome c, 0.3 ml. of 0.013 m AMP, 0.1 ml. of 0.1 mM MgCl, or 0.1 ml. of 
0.15 m KCl, 0.5 ml. of liver homogenate, 0.7 ml. (3 mg.) of hydrolecithin or 0.2 ml. 
of 0.005 m palmitic acid, and water to make a final volume of 2.1 ml. 


TABLE IV 


Effect of Hypozxanthine versus Adenylic Acid on Phospholipide Oxidation by Rat 
Liver Homogenates 


| Hypoxanthine 
Substrate AMP | consumption, A, 80 min. 
Experiment | Experiment | 80 min. 
A 
| c.mm. c.mm. 
Endogenous | 237 
Hydrolecithin + - ~ | 375 138 
Endogenous + | 148 
Hydrolecithin _ + on | 264 116 
| | 
Endogenous | 140 | 
Hydrolecithin | 291 | 151 


The system consisted of the following: 0.4 ml. of phosphate buffer, pH 7.7, 0.1 ml. 
of cytochrome c, 0.3 ml. of 0.013 m AMP, 0.3 ml. of 0.013 mM hypoxanthine (Experi- 
ment A) or 0.1 ml. of 0.013 mM hypoxanthine (Experiment B), 0.5 ml. of liver homog- 
enate, 0.8 ml. of hydrolecithin (3 mg.), and water to make a final volume of 2.1 
ml. 


oxidized at identical rates. This was expected, since they are known to 
possess identical structures. 
Although cerebroside gave no extra oxygen consumption during the first 
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30 minutes, it had the highest activity after 90 minutes. In addition it is 
noteworthy that cerebroside and sphingomyelin, both being sphingolipides, 


consumption than the glycerophosphatides. 
Oxidation of Phospholipides by Washed Rat Liver Particles and Rat Liver 
Mitochondria—In order to localize the site of action of the phospholipide 


- oxidation, the experiments were extended to include studies with washed 


TABLE V 
Inhibitor Studies on Phospholipide Oxidation by Rat Liver Homogenates 


O 
Substrate | Ca Malonate pt on 9 NaF sumption, A, 90 min. 
c.mm. 
Hydrolecithin | 444 204 
Endogenous | + 104 
Hydrolecithin | 112 8 
Endogenous | + 180 
Hydrolecithin | _ + 193 13 
Endogenous | + 98 
Hydrolecithin | + 123 25 
Endogenous + 425 
Hydrolecithin | + 552 127 


The system consisted of the following: 0.4 ml. of 0.1 Mm phosphate buffer, pH 7.7, 
0.1 ml. of cytochrome c, 0.3 ml. of 0.013 m AMP, 0.5 ml. of liver homogenate, 0.5 ml. 
(3 mg.) of hydrolecithin, 0.3 ml. of either 0.1 mM malonate, 0.001 m dinitrophenol, 
0.03 m Nak, or 0.1 ml. of 0.1 m CaCle, and water to make a final volume of 2.1 ml. 


rat liver particles and rat liver mitochondria. The system used to study 
the activity of washed liver particles contained a mixture of phosphate and 
Tris buffer, pH 8.0, magnesium chloride, potassium chloride, ATP, cyto- 
chrome c, and substrate. This system actively oxidized palmitic and hex- 
anoic acids (250 to 300 per cent increase in oxygen consumption over the 
endogenous), but was inactive towards hydrolecithin and sphingomyelin. 
Furthermore, these phospholipides did not affect the oxidation of the free 
fatty acids in systems containing a mixture of phospholipide and fatty 
acid. 

Since the washed liver particles were inactive towards the phospholipides, 
rat liver mitochondria were then studied. In this case the system was 
modified to agree more closely to the homogenate system which was active 
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towards the phospholipides. The mitochondrial system was prepared in 
phosphate buffer, pH 7.7, and contained cytochrome c, either AMP or hy.- 
poxanthine, and substrate. <A significant activity towards hydrolecithin 
and octanoic acid was observed, there being a 300 per cent increase in oxy- 
gen consumption over the endogenous value. However, in contrast to 
homogenates, AMP was an active cofactor, whereas hypoxanthine was 
completely inactive. 

Dehydrogenation of Phospholipides by Rat Liver Mitochondria and Acetone 
Powders of Rat Liver Mitochondria—When a system similar to that de- 
scribed by Blakley (18) was employed, it was found that both rat liver 


TaBLeE VI 
Oxidation of Various Compound Lipides by Rat Liver Homogenates 
| Oz consumption | A 
Substrate 
30 min. | 60 min. 90 min, | 30 min. | 60 min. 9 min. 
cC.mm. c.mm. | c.mem. | cC.mm. c.mm. 
185 | 232 | 256 | 
Hydrolecithin...................... 205 | 336 | 374 | 20 | 104 = 118 
207. | 334 373 22 102117 
204 | 323 356 19 91 100 
204 333-367 19 101s 111 
Sphingomyelin..................... 192 354 3392 7 122.136 
183 354 | 412 | —2 | 122 | 1586 


The system consisted of the following: 0.4 ml. of 0.1 Mm phosphate buffer, pH 7.7, 
0.1 ml. of evtochrome c, 0.3 ml. of 0.013 m AMP, 0.5 ml. of rat liver homogenate, 
0.8 ml. (3 mg.) of the lipides, and water to make a final volume of 2.1 ml. 

* Synthetic samples. 


mitochondria and mitochondrial acetone powders exhibited significant ac- 
tivity towards both lecithin and sphingomyelin. ‘The activity was meas- 
ured by the time required to reduce either methylene blue anaerobically or 
2 ,6-dichlorobenzenoneindo-3’-cholorophenol aerobically. Oleic acid and 
octanoic acid were also used in order to compare the phospholipide and 
fatty acid activity. It was found that ATP was a necessary cofactor and 
that both AMP and hypoxanthine were inactive. In a typical experiment 
the times required for the endogenous, hydrolecithin, and octanoic acid 
systems to reduce methylene blue were 15, 10, and 6 minutes respectively. 
Magnesium ions had a slight activating effect in this system. 


DISCUSSION 


Fairbairn (4) has shown that the concentration of free fatty acids in an- 
mal tissues is very low. ‘Therefore the combined forms of the fatty 
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acids must act as a source whereby the fatty acids are made available for 
oxidation. It seems reasonable that phospholipides might serve in this ca- 
pacity, possibly by a transesterification mechanism with CoA. The esteri- 
fication of L-a-glycerophosphate by acyl CoA derivatives to form phos- 
phatidic acids (and eventually phospholipides) has been shown to occur in 
mitochondrial systems (19). If the reaction is reversible, then phospho- 
lipides would form acyl CoA derivatives which could be oxidized in the 
classical manner established for the fatty acids (2, 3, 22, 23). Further- 
more, if either a phospholipide or a free fatty acid reacts to form the same 
acyl CoA derivative, then the cofactor requirements for the subsequent 
oxidation of the acyl group and the end-products should be identical. 

The data in this paper, however, do not support such a hypothesis, since 
it was found that in rat liver homogenates the cofactor requirements and 
the products of oxidation of free fatty acids and phospholipides differed 
markedly. Thus palmitate oxidation was activated by magnesium ions 
and produced considerable amounts of acetoacetate, whereas phospholipide 
oxidation was inhibited by magnesium ions and produced very little aceto- 
acetate. Furthermore, although lecithin and cephalin might be able to 
form acyl CoA derivatives, sphingomyelin and cerebroside would not be 
expected to undergo the same type of reaction, because they possess fatty 
acid amide linkages rather than ester linkages. It therefore appears that 
phospholipides and fatty acids are oxidized by different pathways. 

If the effect observed in the liver homogenates is not due to oxidation of 
the fatty acid moiety of the phospholipide with subsequent acetoacetate 
formation, the oxygen consumption might be due to (a) autoxidation of 
the phospholipides, (b) a specific stimulating action by the intact phospho- 
lipide, (c) only dehydrogenation of the fatty acid component of the intact 
phospholipide without acetoacetate production, and (d) activation by or 
oxidation of a hydrolysis product of the phospholipide other than the fatty 
acid. 

The possibility that autoxidation of the phospholipide occurred seems 
unlikely for the following reasons: (a) completely saturated phospholip- 
ides were oxidized, (b) well known enzyme inhibitors were effective in de- 
creasing Oxygen consumption, (c) it would be difficult to explain why au- 
toxidation should require phosphate ions and a purine base for activity, (¢) 
freezing treatment completely inactivated the system,? and (e) the addi- 
tion of small amounts of iron had no effect on the oxidation.? 

A specific stimulating action of the intact phospholipide might be con- 
sidered. Thus the phospholipide may act as a cementing substance or a 
connecting link between two components of an oxidizing system. In this 
regard the experiments of Nygaard and Sumner (34) are of interest. They 


? Unpublished results. 
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found that lecithinase A inactivates succinoxidase in rat liver homogenates 
and mitochondria and suggest that a lecithin-containing complex may be 
located between succinic dehydrogenase and cytochrome c, which may act 
to keep cytochrome c and cytochrome 6 in the correct spatial relationship 
to one another. They further postulate that lecithin may be part of the 
oxidation-reduction catalyst believed to be present between these cyto- 
chromes. Macfarlane (35) and Edwards and Ball (36) have also demon- 
strated the inhibitory effect of lecithinase on the succinoxidase system. 
Moreover, Quastel and Braganca (37) have reported that lecithinase A in- 
activates a large number of enzymes located in the particulate fraction of 
cells. 

The possibility that only dehydrogenation of the fatty acid of the intact 
phospholipide was occurring may also be considered. This would explain 
the stimulation of oxygen consumption and lack of acetoacetate formation, 
but would not satisfactorily explain the depression of oxidation by the in- 
hibitors, particularly malonate. The latter strongly suggests oxidation 
via the Krebs cycle. 

Finally it may be postulated that the phospholipides were hydrolyzed 
by the systems and that a hydrolysis product was either oxidized or acted 
as an activator for some other respiratory process. Free fatty acids from 
hydrolysis should behave in the same way as fatty acids added experimen- 
tally, and their oxidation should be stimulated by magnesium ions and 
ATP and produce acetoacetate. This was not observed. The other possi- 
ble hydrolysis products, in the case of lecithin, might be lysolecithin, mono- 
or diacylphosphatidic acids, glycerol, glycerophosphate, glycerophosphoryl- 
choline, phosphorylcholine, choline, mono- or diglycerides, and inorganic 
phosphate. It is not possible to predict how all of these ‘compounds 
might behave in the liver systems studied. However, the experiments of 
O’Connell (38) show that neither choline nor phosphorylcholine is oxidized 
by similar rat liver systems. It seems unlikely that lysolecithin would be 
an active substrate, since it has been shown that small amounts of lyso- 
lecithins disrupt rat liver mitochondria (39). The work of Kennedy (20) 
and Kornberg and Pricer (19) indicates that the| synthesis of phospholip- 
ides proceeds via phosphatidic acids and that the nitrogen base is pre- 
sumably added last to complete the total synthesis of either lecithin or 
cephalin. Thus it appears that the lysolecithin intermediate is avoided. 
Conversely, one might predict that, if the fatty acid component of the 
phospholipide (lecithin or cephalin) is first split off before being oxidized, 
the nitrogen base of these phospholipides is first removed in order to avoid 
the formation of lysophospholipides which might disrupt the mitochondria, 
where the fatty acids are oxidized. Consequently, phosphatidic acids or 
possibly mono- or diglycerides, rather than the intact lecithin or cephalin, 
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might serve as intermediates whereby the fatty acids are made available 
for oxidation. 

The stimulating action of a phospholipide derivative has recently been 
suggested by the work of Artom (40), which indicates that a choline deriva- 
tive acts to accelerate fatty acid oxidation. In addition, Hanahan and 
Rodbell (41) have reported that phospholipide derivatives rather than in- 
tact phospholipides stimulate the oxidation rates of guinea pig mitochon- 
drial suspensions. The study reported here supports this conclusion in 
that the addition of lecithin or sphingomyelin did not increase the oxida- 
tion rate of fatty acids by washed particles of rat liver. 

Whatever the mechanism of the effect of phospholipides in stimulating 
oxygen consumption may be, its elucidation should be of interest in re- 
vealing the biological function of these compound lipides. The elucida- 
tion of this mechanism would be greatly facilitated by the development of 
suitable chromatographic methods on a micro scale for the detection of 
phospholipides and possible lipide intermediates resulting from oxidation. 
Preliminary work along these lines has been published (42) and further in- 
vestigations are in progress. 


SUMMARY 


Experimental data are presented which demonstrate that lecithin, ceph- 
alin, sphingomyelin, and cerebroside are either oxidized by rat liver en- 
zymes or act to stimulate respiration in these systems. For optimal activ- 
ity either adenosine-5’-phosphate or hypoxanthine is required in addition 
to phosphate ions. ATP and ADP were less effective than AMP for phos- 
pholipide oxidation by rat liver homogenates. 

Inhibitor studies showed that an excess of magnesium or calcium ions, 
malonate, dinitrophenol, and fluoride caused a marked decrease in the oxy- 
gen consumption caused by phospholipides in rat liver homogenates. 

A comparison of the data for fatty acid and phospholipide oxidation by 
liver homogenates indicated some marked differences. ‘Thus magnesium 
ions activated fatty acid oxidation but inhibited phospholipide oxidation. 
Furthermore, fatty acid oxidation produced considerable amounts of aceto- 
acetate, whereas phospholipide oxidation produced very little acetoacetate. 

The results in experiments with rat liver mitochondria differed consider- 
ably from those with homogenates. The oxygen uptake was stimulated 
by AMP in mitochondrial systems, but, contrary to homogenates, hypoxan- 
thine was inactive as a cofactor. 

Acetone powders of rat liver mitochondria or intact mitochondria were 
found to possess dehydrogenase activity for both fatty acids and phospho- 
lipides. The active cofactor in this system was ATP. 

A discussion of the experimental data is presented. 
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FURTHER STUDIES IN FATTY ACID METABOLISM AND 
HEPATIC LIPOGENESIS* 


By I. LYON,f R. P. GEYER, anno LINDA D. MARSHALL 


(From the Department of Nutrition, Harvard School of Public Health, 
Boston, Massachusetts ) 


(Received for publication, May 17, 1955) 


In a previous report (1) the conversion of octanoate-1-C™ into respira- 
tory COs, acetoacetic acid-1-C™, long and short chain fatty acid-C", and 
cholesterol-C™ was studied in rat liver slices. The changes observed in 
the distribution pattern of labeled C. units derived from octanoate indi- 
cated that long chain fatty acid synthesis was primarily related in an in- 
verse manner to the amount of acetoacetate formed. The liver slices were 
incubated in a phosphate medium containing a K* concentration of 70 mm 
(high K*+) or 7 mm (low Kt). In the low K* medium, incorporation of 
C4 into long chain fatty acids was reduced to one-half that observed in the 
high K* medium. 

It has been reported (2) that liver slices incubated in a bicarbonate solu- 
tion convert octanoate into long chain fatty acids, but that this conver- 
sion does not occur in a phosphate medium. However, if the K+ concen- 
tration is raised in the phosphate medium, a conversion of octanoate into 
fatty acids equal to or greater than that observed by Brady and Gurin in 
the bicarbonate solution can be obtained (1). Additional experiments 
were carried out to determine whether hepatic lipogenesis was (a) stimu- 
lated by HCO; at a high K* concentration, (b) inhibited by PO€, or (c) 
actually dependent upon HCO;-. If HCO; is required, is its effect medi- 
ated as an anion or through the process of CO, fixation either directly or 
indirectly? The report of Curran and Clute (3) indicated that Kt and 
Mg** were required in a phosphate medium for optimal synthesis of cho- 
lesterol and fatty acids in vitro by liver cell clusters. Data have been pre- 
sented concerning the effects of various supplements on fatty acid synthe- 
sis (1, 4). 

The present investigation deals with (a) the effects of the ionic environ- 


* Supported in part by grants-in-aid from the Nationa] Cancer Institute of the 
National Institutes of Health, Public Health Service (grant No. C-722(C5)), the 
American Cancer Society through an Institutional Grant to Harvard University, the 
Nutrition Foundation, Inc., New York, and the Kellogg Company, Battle Creek. 
Presented, in part, before the Federation of American Societies for Experimental 
Biology, Atlantic City, 1954. 

t Holder of a Fellowship in the Medical Sciences administered by the National 
Research Council for the Rockefeller Foundation. 
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ment on the distribution pattern of radiocarbon derived from octanoate- 
1-C'", and (b) the influence of glucose, pyruvate, and succinate supplements 
on these distribution patterns. Jiver slices from normal and fasted rats 
were used. A complete explanation and correlation of the results are not 
possible in the present state of knowledge. However, in recognition of 
the general importance of ionic environment on the direction and rate of 
metabolic reactions, the data collected are presented in full. 


EXPERIMENTAL 
Analytical Procedure 


The various fractions were isolated and their C4 content was determined 
according to procedures described previously (1, 5) with the following ex- 
ceptions. 

Respired C'4O.—Whenever a bicarbonate-containing medium was used, 
the side arm stopper of the Warburg flask was replaced by a rubber stopper 
fitted with a short length of polyethylene tubing (PE200)! threaded into 
the center well vial. At the end of the incubation period, KOH was injected 
into the vial through the tubing. After a 10 minute interval, the flask 
was removed from the bath, stoppered, and immediately chilled. Follow- 
ing an additional period of 10 minutes, 1 ml. of 50 per cent (weight per vol- 
ume) trichloroacetic acid was introduced into the main chamber, and the 
flask was quickly stoppered and allowed to stand for 1 hour. Evolved car. 
bon dioxide was trapped during this time by the KOH in the center well 
vial. The slices were then separated from the medium, and the acetoace- 
tic acid-1-C" in the latter was determined catalytically with aniline citrate 
in the usual way. 

Glycogen—Following solution of the slices in alcoholic KOH, glycogen 
was precipitated by the addition of alcohol (6) and collected by centrifu- 
gation. The supernatant fraction was set aside for the determination of 
cholesterol-C'! and fatty acid-C'%. The precipitate was suspended in water 
to insure the release of any entrapped lipide material. The glycogen was 
reprecipitated by the addition of alcohol and collected by centrifugation. 
The precipitate was resuspended in water, reprecipitated with alcohol, and 
again collected by centrifugation. The fluid was added to the original 
supernatant fraction. The precipitate was washed by centrifugation with 
alcohol and then with petroleum ether. The washes were added to the 
combined supernatant fractions for further analysis. Glycogen-C" deter- 
minations were done by plating the aqueous suspension of the residue and 
counting directly. | 

Short Chain Fatty Acids—The C content in the short chain fatty acids 


1 Clay-Adams Company, Inc., 141 East 25th Street, New York 10. 
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was estimated after the acids present in this fraction had been converted 
into their potassium salts. 


Treatment of Animals 


Male rats? were fed a stock diet’ ad libitum for different periods of time. 
Food was withheld for 24 hours from the fasted rats, but water was avail- 
able ad libitum. The fed animals had a mean body weight of 201 + 22 gm. 
The mean weight of the fasted animals was 171 + 22 gm. _ In the fed rats, 
the liver (wet weight) constituted 4.5 + 0.9 per cent of the body weight, 
while in the fasted rats this organ comprised 3.5 + 0.2 per cent of the body 
weight. The animals were sacrificed by a sharp blow on the head, and 
their livers were quickly excised. Liver slices were prepared free-hand. 


Incubation Procedure 


The incubation procedure has been described in an earlier publication 
(5). In all experiments, control flasks containing the phosphate-buffered 
medium (Medium A) were included to offset differences between rats. The 
final concentration of the Na octanoate-1-C' was 1.51 mm. The final con- 
centrations of the other supplements were as follows: Na pyruvate and Na 
succinate, 7.75 mM; glucose, 7.75 mm (low concentration) and 15.5 mM 
(high concentration). The composition of the media (7) is given in Table 
I. 

These studies were designed to investigate the effects of (a) exogenous 
K+, Ca++, Mg**, PO,*, and HCO;-,, and (b) in vitro supplements on liver 
slices from fed and fasted rats. The radioactivity in a given fraction was 
expressed as counts per minute per gm. of tissue (wet weight) per hour. 


RESULTS AND DISCUSSION? 


The data presented in Tables II and III concern a number of metabolic 
fractions, but primary attention is directed toward long chain fatty acid 
and cholesterol synthesis. It is readily apparent that under all the experi- 
mental conditions a very low incorporation of octanoate-C™ into these two 
fractions was observed when liver slices from fasted rats were used. Such 
an adverse effect of fasting on hepatic lipogenesis has been reported by 
Lyon et al. (9) with radioacetate as the substrate. It can be concluded, 
therefore, that none of the conditions employed in the experiments herein 
described overcame the primary block imposed by fasting on the synthesis 


*Charles River Breeding Laboratories, Inc., Brookline, Massachusetts. 

?Purina laboratory chow, Ralston Purina Company, St. Louis, Missouri. 

‘ The significance of observed differences was determined in all instances by means 
ofattest (8). Differences significant at a probability level of 5 per cent or less form 
the basis of the discussion. 
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of long chain fatty acids and cholesterol. Unless otherwise stated, the fol- 
lowing sections refer entirely to the results obtained with liver slices from 


fed rats. 
Tonic Environment 


A comparison of the results obtained in the three high K* media (A, G, 
and H, ‘‘Fed animals,” Table II) with those noted in the bicarbonate buffer 
(Medium B) shows that the highest fatty acid synthesis took place in the 


TABLE 
Composition of Media 


The figures represent millimoles per liter. 


| 
+ t 


| 
Medium* | 5 = = Gas phase 
A. Phosphate............. 7.12, 69.269.20 0 0 0 5.1) 100% O; 
B. Bicarbonate........... 7.40118 5% COs, 95% O» 
C. Cat+-free bicarbonate. ..7.40122 4.70 1.21.224.90 5% “ 95% 
D. Mg**-free bicarbonate...7.33)120 4.7/2.61.20 25.10 5% 96% “ 
I. Cat+-, Mg**-free bicar- | 
7.36123 4.70 1.20 25.10 5% 9% “ 
F. HCO;--free Ringer..... 6.20143 | 4.72.61.21.2;0 0 100% 
6.92) 84.369.710 0 0 0 | 100% 
bicarbonate....7.41) 59.269.910 0 0 25.10 5% COs, 95% 


* Media A, G, and H were high in K* concentration; the other media contained 


low amounts of K*. 
Tt No significant change in pH was found at the end of 1 hour of incubation ex- 


cept for Medium F for which the pH decreased to 6.06. 
t 14.2 gm. of Na2HPO, and 20 ml. of 1 Nn HCl in a total volume of 2 liters. C0Q»- 


free distilled H.O used as diluent. 


latter. This superiority of the Ringer-bicarbonate solution does not stem 
from pH effects, since both the solution and Medium H had a final pH of 
7.4, nor is it caused by a high intracellular K* concentration per se, for slices 
incubated in media such as Media A, G, and H would have a higher con- 
centration of this ion throughout the incubation period.’ It may be due 
in part to the presence of bicarbonate, since replacement of PO,= with HCO; 
in the case of the high K*+ media caused an increased synthesis. An in- 
crease of 0.3 pH accompanied this change. Curran and Clute (3), using 


5 Flink et al. (10) have shown that slices incubated in a Ringer-bicarbonate solu- 
tion lose K* and then gain much of it back. When incubated in high K* media, 
however, the loss does not occur. These results have been confirmed in this labora- 


tory (unpublished data). 


| 
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1e fol- TABLE II 
: from Effect of Ionic Environment on Hepatic Fatty Acid Metabolism 
series No. | Medium | Rewpiratory | Acctoncetic 
AG Fed animals 
buffer a 1.00 4.62 0.01 0.41 0.82 0.47 
In the +0.30 +0.99 40.01 +0.19  +0.36 | +0.23 
Il (6) B 1.02 | 3.51 | 0.03 3.43 1.75 0.35 
+0.60 +1.56 | 41.30  +1.26 | +0.17 
II (3) 1.87 | 5.41 | 0.05 1.15 1.75 0.21 
+0.09 | +0.02 | 40.01 | 40.57 | 40.95 | +£0.08 
Sie (3) D 2.06 4.97 0.04 2.04 1.79 0.32 
+0.28 +060 +095 +063 | +0.07 
1.83 4.04 0.02 0.70 1.63 0.18 
+0.27 +068 +000 +036 +0.41 | +0.06 
- “ (3) F 1.52 | 3.56 0.01 0.15 1.63 0.28 
+0.47 +067 | +0.01 +006 +0.29 | +0.07 
Or IV (3) G 1.55 | 2.57 0.01 0.24 2.51 0.16 
+0.16 | +0.00 | +0.57 | +0.05 
4“ (3) H 1.60 3.80 0.15 1.02 0.71 0.22 
| +£0.34 +067 +005 +40.43 +40.28 | +0.03 
| 
Fasted animals 
| A 0.54 0.01 0.07 0.10 
| +0.09 +1.80 +0.01  +0.01 40.32 | +40.08 
ained II (3) B 2% | 62 0.00 0.07 0.34 0.08 
+0.200 +0.36 | 40.00 +004 +0.14 | +0.11 
mM ex IV (3) G 1.27 = 4.66 0.00 0.22 2.68 0.09 
+0.21 +0.48 +0.00  +0.03 +0.43 | +0.05 
CO:- “ (3) H 0.89 | 7.91 0.01 0.05 0.20 0.09 
+0.02 +0.49  +0.00 | +0.00 +0.05 | +0.07 


Kach flask contained 750 mg. (wet weight) of liver slices, octanoate-1-C"™, 1.51 
H of mm, and the medium as indicated. Total volume, 10 ml.; incubation time, 1 hour; 
temperature, 37.5°. The figures in parentheses following a given series number 


slices represent the number of rats used in each group of that series. The composition 
— CON of each medium is given in Table I. The results are in ratio + standard deviation 
> due of the mean. Al] the figures in a given series are relative to the control respiratory 
CO; CO, of Series I, Medium A, ‘‘Fed animals,’’? which has been adjusted to a value of 


1.00. Respired C'*O,. was chosen as the reference fraction primarily since it was 
the most consistent in its response to the various media. The ratios represent 
USING comparisons between the total radioactivity in a given fraction and that in the 
. sole- control respiratory CO, of Series I. In this way, the distribution pattern of the 
nedia, C: units may be seen, and comparisons may be made either horizontally or verti- 


bora- cally. 
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TABLE III 


FATTY ACID METABOLISM 


Effects of Various Supplements on Hepatic Fatty Acid Metabolism 


: Aceto- Long chain; Short 

Fed animals 
I (13) A* | None 1.00 4.62 0.01 0.41 0.82 0.47 
+0.30 | +0.99 | 40.01 | 40.19 | +0.36 | +0.23 
“*« (8) Pyruvatet 1.15 3.50 0.07 0.62 0.43 0.34 
| +0.41 | +0.39 | +0.04 | 40.24 | +0.30 | +0.08 
ie. Succinatef 1.14 2.62 0.01 0.50 1.06 0.49 
| +0.35 | +0.57 | +0.01 | 0.22 | +0.41 | +0.22 
Glucoset 0.68; 4.51 0.01 0.54 1.35] 0.66 
+0.14 | +0.95 | 40.01 | 40.32 | 40.59 | +0.18 
“* (6) Glucoset 1.05 4.77 0.01 0.49 1.52 0.52 
+0.35 | 1.14 | +0.00 | 40.22 | +0.39 | +0.24 
II (6) - 1.13 3.53 0.10 3.47 1.94 0.41 
+0.50 | | 40.07 | 40.88 | +0.87 | +0.17 
IV (3) 3 1.53 2.78 0.03 0.26 2.28 0.20 
+0.10 | +0.11 | +0.01 | +0.06 | +0.84 | +0.03 
(3) 1.35 4.35 0.22 0.80 1.24 0.21 
+0.05 | +0.56 | +0.05 | +0.19 | +0.52 | +0.01 

Fasted animals 
I (5) A* | None 0.54 8.00 0.01 0.07 0.63 0.10 
+0.09 | +1.80 | +0.01 | +0.01 | +0.32 | +0.08 
“* (5) Pyruvatet 0.85 4.78 0.09 0.07 0.17 0.11 
+0.12 | +1.34 | +0.04 +0.01 | 40.06 | +0.11 
** (5) Succinatet 0.73 5.26 0.01 0.06 0.31 0.15 
+0.12 | +1.76' +0.01 | +0.03 | +0.08 | +0.12 
«* (5) Glucoset 0.56 7.29 0.00 0.05 0.70 0.09 
+0.10 | +2.31 | +0.00 | +0.02 | +0.13 | +0.07 
“* (3) Glucosef 0.53 8.88 0.00 0.08 0.59 0.11 
+0.02 | +0.69 | +0.00 | +0.03 | +0.15 | +0.18 
II (3) B ” 0.94 6.67 0.06 0.20 0.51 0.10 
+0.14 | 40.72 | +0.01 +0.09 | +0.10; +0.11 
IV (3) G 1.17 5.22 0.00 0.16 1.65 0.06 
+0.12 | +0.51 | +0.00 | +0.05 | +0.18 | +0.04 
‘s (3) H ne 1.04 8.15 0.02 0.08 0.56 0.07 
+0.16 | +0.95 | +0.01 | +0.02 | +0.06 | +0.09 


See the corresponding material in Table II. 
* The data in this line have been repeated from Table II to facilitate comparisons 
between the data on liver slices from fed and fasted rats in this table and between 
the data appearing here and in Table II. 
t The final concentration of pyruvate, succinate (Na salts), or glucose was 7.75 mM. 
t The final concentration of glucose was 15.5 mm. 
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phosphate-buffered media, found that an increase in pH from 6.5 to 7.5 
caused a 2-fold decrease in fatty acid synthesis from acetate. A thorough 
study of pH effects on fatty acid synthesis in bicarbonate media would be 
of interest. 

It would appear that the main difference between the Ringer-bicarbonate 
solution and the high K*+ media resulted from the presence of Ca++ in the 
former. Omission of this divalent ion from the Ringer-bicarbonate me- 
dium caused a marked reduction in long chain fatty acid radioactivity. 
To a lesser extent, Mg** also may have played a réle. Curran and Clute 
(3) have indicated a favorable effect of Mg** on fatty acid synthesis when 
media containing PO, were used. From the standpoint of maximal avail- 
ability of these ions, it is unlikely that PO,= would be as satisfactory as 
HCO;-. The studies of Rittenberg and Bloch (11) have shown that CO, 
fixation is not directly concerned in the synthesis of fatty acids. The low 
synthesis obtained in the unbuffered Ringer solution may have been due to 
the low pH of 6.1 rather than to the absence of HCO;-. In contrast to 
fatty acid synthesis, cholesterogenesis was favored by the presence of phos- 
phate in the high K*+ media. In the various Ringer-type solutions, the 
divalent ions favored cholesterol synthesis. The extent to which O, ten- 
sion influenced the results is unknown. 


Supplements 


Pyruvate supplementation of the phosphate medium (Series I, ‘‘Fed 
animals,’’ Table III) resulted in an increase in long chain fatty acid-C" re- 
coveries while cholesterol-C™ levels remained unaffected. Neither long 
chain fatty acid synthesis nor cholesterogenesis was affected by the addi- 
tion of succinate or glucose (in low or high concentration) to Medium A. 
However, the incorporation of C into the short chain fatty acids was in- 
creased in all media with these additions, and ketogenesis was suppressed 
in the presence of succinate. Supplementation of Media B, G, and H with 
glucose (high concentration) did not influence significantly the conversion 
of octanoate-C" into long chain fatty acid-C™ or cholesterol-C“. No com- 
bination of supplement and ionic environment tested overcame the depres- 
sion in long chain fatty acid synthesis caused by prior fasting of the rat 


SUMMARY 


1. The conversion of octanoate-1-C™ into respiratory C“O., acetoace™ 
tate-1-C“%, glycogen-C", long and short chain fatty acids-C™“, and choles- 
terol-C'4 was studied with liver slices from fed and fasted rats incubated in 
phosphate, bicarbonate, or buffer-free media of varied ionic content and 
with or without zn vitro supplements of glucose, pyruvate, or succinate. All 
results were compared to those obtained with the supplement-free phos- 
phate medium. 
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2. Regardless of the medium employed or the presence of supplements, 
fatty acid synthesis and cholesterogenesis by liver slices from fasted rats 
were markedly depressed. 

3. In liver slices from fed rats, long chain fatty acid synthesis in a bicar. 
bonate medium was 7 to 8 times higher than that in the phosphate control 
medium. Cholesterogenesis was favored by the presence of phosphate in 
the high K+ media. The importance of exogenous divalent ions, particu- 
larly calcium, in both fatty acid and cholesterol synthesis, was indicated. 

4. An increase in long chain fatty acid-C" recoveries occurred in a high 
phosphate medium supplemented with pyruvate. Cholesterogenesis was 
not influenced by any of the supplements. 
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CONVERSION OF GLUCOSE-1-C" TO PECTIN 
IN THE BOYSENBERRY* 


By C. G. SEEGMILLER, BERNARD AXELROD,f ann R. M. McCREADY 


(From the Western Utilization Research Branch, Agricultural Research Service, United 
States Department of Agriculture, Albany, California) 


(Received for publication, March 8, 1955) 


Many authorities believe that pectins play a dominant réle in the changes 
in texture of fruits during the ripening process, although the origin and 
fate of pectic substances in plant tissues are unknown ((1) p. 273). There 
is no evidence that in nature pectic substances are formed directly from 
galactose or galactan ((1) p. 277). 

To obtain some insight into the mechanism of pectin formation, glucose 
labeled by the incorporation of radioactive C™ in the carbon 1 position 
(aldehyde carbon) has been introduced into slightly immature boysen- 
berries through their stems. Subsequently the ‘‘pectin” fraction of the 
boysenberries was isolated and hydrolyzed. This is the fraction which is 
insoluble in aqueous alcohol and digestible by fungal pectinase. Analyses 
of the hydrolysate showed that both of the main constituents of pectin, 
galacturonic acid and arabinose, were radioactive. Specific degradation 
of the galacturonic acid revealed significantly more radioactivity in the C-1 
position than in any other, which indicates that glucose can be converted 
to the galacturonic acid moiety without cleavage of the carbon chain. Es- 
sentially all of the radioactivity of the arabinose was also found in the C-1 
position, which suggests that the arabinose was formed from glucose in a 
fairly direct manner. 

Materials—Boysenberry twigs were cut from actively growing berry 
plants, and their stems were placed in radioactive glucose within 3 hours 
after cutting. One experiment was carried out on a twig containing 
several small leaves and one green but practically full grown berry. 
Another experiment was carried out the following year on a single green 
berry attached to a stem about 1 inch long, but with no leaves. 

Determination of Radioactivity—All samples were converted to BaCO; 
and mounted on small disks of Whatman No. 50 filter paper! by filtration, 


* A preliminary report of a portion of this work was presented at the Forty-fifth 
annual meeting of the American Society of Biological Chemists at Atlantic City, 
April, 1954. 

t Present address, Department of Biochemistry, Purdue University, Lafayette, 
Indiana. 

‘Mention of products or equipment does not constitute endorsement by the 
Department of Agriculture over others of a similar nature not mentioned. 
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with Tracerlab E-8B precipitation apparatus. The precipitates were then 
counted on the paper. Errors due to self-absorption were corrected with 
the aid of empirical curves for BaCQO; prepared under conditions identical 
to those used for the samples themselves (2). Samples of the galacturonic 
acid from the berry with leaves were counted with a thin window mica 
counter (Tracerlab TGC-2 tube, 1.6 mg. per sq. cm. window thickness), 
All other samples were counted with the Tracerlab SC-16 windowless flow 
counter. By use of the “J” curves (2) prepared in this Laboratory, the 
actual count obtained for each sample of radioactive BaCO; was corrected 
to a corresponding hypothetical count at zero self-absorption. This hypo- 
thetical count was then converted to counts per millimole by multiplying 
by the ratio of the weight of BaCO; which could be obtained from a milli- 
mole of the substance, divided by the weight of BaCO; in the sample ac- 
tually counted. In addition to these corrections, all results obtained with 
the thin window counter were multiplied by the factor of 5.6, to make 
them directly comparable to values obtained with the windowless counter. 
Thus the radioactivities reported in Tables I to IV are not absolute, but 
are arbitrary values, directly comparable among themselves. 

Introduction of Radioglucose—The stem end of the berry twig was sliced 
diagonally with a sharp razor and immediately immersed in a small vial 
containing the radioactive p-glucose-1-C™ dissolved in approximately 1 
ml. of distilled water. For the berry with leaves 13 mg. of glucose (15 uc.) 
were used. For the berry without leaves 25 mg. of glucose (30 uc.) were 
taken. Almost complete absorption of the radioactive sugar was obtained 
in about 8 hours. It was necessary to add small amounts of distilled water 
during the later stages of the absorption as the volume of the liquid in the 
vial became small. The twig was kept with its stem end in distilled water 
for an additional 48 hours in the case of the berry with leaves and an addi- 
tional 24 hours for the berry without leaves. With shorter incubation 
times, the berry failed to incorporate sufficient radioactivity into the “pec- 
tin” fraction. Incubation times longer than 48 hours were avoided to 
minimize ‘‘smearing”’ or randomization of the radioactivity among all the 
carbon atoms of the “‘pectin.”’ 

Isolation and Hydrolysis of ‘‘Pectin’’—After incubation, the berry (aver- 
age weight about 0.8 gm.) was harvested and submerged in about 15 ml. of 
boiling 95 per cent ethanol for 5 minutes to inactivate pectolytic enzymes. 
The alcohol was decanted, and the berry was ground with sand in 70 per 
cent ethanol in such a manner that the pulp was disintegrated but the 
seeds (which comprise more than half the weight of such berries) were 
not broken. The pulp was separated from the seeds and washed with 70 
per cent ethanol until the filtrate showed essentially no radioactivity. It 
was then washed with 95 per cent ethanol, followed by ether. The air- 
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dried pulp was suspended in 10 ml. of distilled water containing approxi- 
mately 15 mg. of a commercial fungal pectinase preparation (Pectinol 100- 
D) for about 48 hours, followed by filtration. In a preliminary experiment, 
chromatography of the filtrate in ethyl acetate-acetic acid-water (3), fol- 
lowed by radioautography, revealed two radioactive substances, galactu- 
ronic acid and arabinose. 

Recovery of Galacturonic Acid—The filtrate was evaporated to a volume 
of 1 ml. in a current of air at room temperature. Then 130 mg. of carrier 
sodium calcium galacturonate (NaCa(C.H,0;)3-6H:O), dissolved in 2 ml. 
of hot distilled water, were added (4). The solution was thereupon con- 
centrated to approximately 0.5 ml., seeded with a tiny crystal of sodium 
calcium galacturonate, and stored overnight at 5°. The crystalline pre- 
cipitate (approximately 75 per cent of the added carrier was recovered) was 
filtered and cautiously washed several times with ice water. Successive 
recrystallizations of this material failed to cause an appreciable change in 
its specific radioactivity. A specific degradation of this material was then 
carried out to learn how much radioactivity had been incorporated into 
each of the carbon atoms of the galacturonic acid. 

Degradation of Galacturonic Acid; Berry with Leaves—An aliquot (47 mg.) 
of the sodium calcium galacturonate (NaCaGA)? was suspended in 2 ml. 
of distilled water and freed of its calcium with the theoretical amount of 
sodium oxalate. The filtered galacturonic acid was reduced to the corre- 
sponding L-galactonic acid by the addition of 100 mg. of NaBH, dissolved 
in 2 ml. of distilled water (5). After 10 minutes of reaction at room tem- 
perature, the excess NaBH, was cautiously decomposed by adding dilute 
H.SO, to pH 7. At this point completeness of reaction was shown by the 
absence of aldose in a drop of the solution which was dried on filter paper 
and treated with the aniline-trichloroacetic acid reagent (3). The result- 
ing galactonic acid was then oxidized to formaldehyde, formic acid, and 
carbon dioxide (6, 7) by the addition of 5 ml. of solution containing 400 mg. 
of NalO,. After the galactonic acid had reacted with the NalO, for 30 
minutes at room temperature, excess periodate was decomposed by adding 
1 ml. of concentrated HCl, followed by dropwise addition of excess 1.2 N 
NaAsO» (8, 9). 

The resulting solution was brought back to pH 7 with dilute NaOH and 
treated with 0.5 gm. of sodium acetate and 3 ml. of 8 per cent dimedon in 
95 per cent ethanol (10, 11). After standing overnight at 5°, the formal- 
dehyde-dimedon precipitate was filtered, washed thoroughly with water, 
and air-dried. The labeling in carbon 1 (aldehyde carbon of galacturonic 
acid) was then obtained by subjecting 4.6 mg. of the formaldehyde-dime- 


?NaCaGA will be used as the abbreviation for sodium calcium galacturonate 
throughout this paper. 
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don to a modified Van Slyke-Folch wet combustion (12, 13), followed by 
weighing and counting of the resulting BaCO; precipitate. 

Carbon atom 6 (carboxy! carbon of galacturonic acid) was isolated by 
decarboxylating another 10 mg. aliquot of the radioactive sodium calcium 
galacturonate according to the Whistler, Martin, and Harris (14) acid pro- 
cedure as modified by McCready et al. (15). The resulting BaCO; precip- 
itate was weighed and counted. 

Next a 21 mg. aliquot of the labeled NaCaGA diluted with 31 mg. of 
‘‘cold” carrier NaCaGA was converted to galacturonic acid by removal of 
cations with Dowex 50. The galacturonic acid in 2 ml. of HO was then 
precipitated as the 2,5-dichlorophenylhydrazone by the general procedure 
of Mandl and Neuberg (16), by adding a slight excess of 2,5-dichloro- 
phenylhydrazine in 1 ml. of hot CH;0H. The yellow precipitate was 
cautiously washed with ether, air-dried, and dissolved in 5 ml. of H.O by 
addition of a few drops of dilute NaOH. The derivative, on treatment 
with a slight excess of periodic acid at 0°, formed almost instantaneously a 
nearly quantitative amount of the yellow 2,5-dichlorophenylhydrazone of 
glyoxal, which contained the activities of carbon atoms 1 and 2. After 10 
minutes at 0°, the yellow precipitate was rapidly filtered, washed several 
times with water, and air-dried at room temperature. This derivative (5.5 
mg.) was converted to BaCQO;, which was weighed and counted. The 
activity in carbon atom 2 was then obtained by difference. 

Under the mild conditions used for this oxidation, the filtrate from the 
glyoxal hydrazone should contain 2 molecules of HCOOH, representing 
carbon atoms 3 and 4 of the original “hot” galacturonic acid, and 1 mole- 
cule of glyoxylic acid, representing carbon atoms 5 and 6 (6, 7). Accord- 
ingly excess oxidizing agent in the filtrate was neutralized with NaAsO, as 
previously described, then made just acid to Congo red, and the HCOOH 
was recovered by steam distillation of 10 volumes. The formic acid was 
converted, by boiling with mercuric oxide, to CO., which was trapped in 
Ba(OH): (17, 9). The BaCO; precipitate represented the activity of car- 
bon atoms 3 and 4 of the galacturonic acid. 

To obtain the activity in carbons 5 and 6, a 5.9 mg. aliquot from the orig- 
inal radioactive NaCaGA was mixed with 15.5 mg. of “cold” car- 
rier NaCaGA and treated with | ml. of solution containing a slight excess 
of periodic acid. The mixture was allowed to react 1 hour at 0°. Under 
these conditions, the products are 4 molecules of HCOOH and 1 molecule 
of glyoxylic acid (6, 7). 1 drop of ethylene glycol was added to destroy 
excess periodic acid, and the glyoxylic acid was oxidized to oxalic at pH 5 
with Br.. After 1 hour, 1 ml. of 1 per cent CaCl. was added, and the cal- 
cium oxalate was filtered, washed, air-dried, and oxidized to BaCOs;, which 
represented the activity in carbon atoms 5 and 6 of the galacturonic acid. 
The activity in carbon atom 5 was obtained by difference. 
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As a check on these separate determinations, duplicate over-all counts 
on the total radioactivity of the original galacturonic acid molecule were 
obtained by oxidizing a 2.3 mg. aliquot and a 5.1 mg. aliquot of the ‘thot”’ 
NaCaGA to COs, by the wet combustion method (13). 

Berry without Leaves—This work was done the following year, and some 
changes were made in the methods of degradation. The radioactivity in 
carbon 1 of the galacturonic acid was obtained by oxidizing the HCHO 
(from the periodate oxidation of L-galactonic acid) to HCOOH by NaOl, 
followed by conversion of the HCOOH to CO, with mercuric acetate, ab- 
sorption of the CO. in Ba(OH)., and counting of the BaCQO;. This pro- 
cedure is considered preferable to the formaldehyde-dimedon method de- 
scribed for the berry with leaves, especially for samples of low radioactivity. 
The resultant BaCQ; in this case is not diluted with inert BaCO; which 
arises from the combustion of the inert dimedon moiety of the formalde- 
hyde-dimedon precipitate. By procedures already described for the berry 
with leaves, a 21.5 mg. aliquot of ‘thot’? NaCaGA from the berry without 
leaves was converted to free galacturonic acid with sodium oxalate, the 
galacturonic acid was reduced to L-galactonic acid with NaBHg, and the 
L-galactonic acid was oxidized to HCHO, HCOOH, and COs: with sodium 
periodate. After decomposition of the excess periodate with NaAsOn, the 
HCHO and HCOOH were recovered by steam distillation of 10 volumes 
(approximately 150 ml.). ‘To the distillate were added 5 ml. of 1 M acetic 
acid and 15 ml. of 0.3 M mercuric acetate in 0.5 M acetic acid. By cautious 
warming, the formic acid was selectively oxidized to CO, (18, 19). The 
HCHO was recovered from the mixture by distillation of approximately 
150 ml. of liquid. The distillate was made just alkaline to phenolphthalein, 
chilled to 0°, and treated with 10 ml. of ice-cold 1 N NaOH and 10 ml. of 
ice-cold 0.1 N I. to convert the HCHO to HCOOH. After 1 hour at 0°, 
the excess I, was destroyed with 1.2 N NaAsO» after addition of 1 ml. of 
concentrated HCl, and the HCOOH was recovered by steam distillation. 
To the distillate (volume about 150 ml.) containing the HCOOH, in a 250 
ml. distilling flask, were added 5 ml. of 1 M acetic acid. The inlet of the 
distilling flask was equipped with a soda lime tube so that CO,.-free air could 
be bubbled through the reaction mixture to sweep out any extraneous CO». 
After 1 hour, 15 ml. of 0.3 Mm mercuric acetate in 0.5 M acetic acid were added. 
By warming, the HCOOH was oxidized to COs, which was carried into a 
trap containing 4 ml. of 0.25 N barium hydroxide reagent (13) by bubbling 
CO.-free air through the reaction mixture for another hour. 

To obtain the activity in carbon atom 6, a 20 mg. aliquot of “hot” 
NaCaGA from the berry without leaves was converted to free galacturonic 
acid (sodium oxalate). To the galacturonic acid solution (approximately 
5 ml.) were added 15 ml. of 0.5 mM sodium phosphate buffer (pH 5.8), 
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and extraneous CO, was removed by bubbling CO.-free air through the 
mixture for 30 minutes. Then a slight excess of sodium periodate was 
added, and a continuous flow (for 30 minutes) of CO,.-free air was used to 
sweep the CO, into a Ba(OH). trap. When counted, the BaCO; gave a 
measure of the activity in carbon atom 6. This method was suggested by 
the satisfactory decarboxylation described by Bernstein (19) for obtaining 
the activity in carbon atom 1 of potassium ribonate. Preliminary exper- 
iments on “cold” materials demonstrated that galacturonic acid does in- 
deed undergo a smooth and essentially quantitative decarboxylation of 
carbon atom 6 under these conditions. Moreover, as expected (6), neither 
galactose nor mannitol produced detectable amounts of CO. under these 
conditions; undoubtedly carbon atom 6 of galacturonic acid is the only 
source of CO.. This method is now considered preferable to the high tem- 
perature decarboxylation with strong HCl (15) previously used for the 
berry with leaves. 

Radioactivity in carbon atoms 5 and 6 was obtained by converting them 
via calcium oxalate to BaCQ; as described for the berry with leaves. Car- 
bon 5 was obtained by difference. 

An aliquot of “hot” NaCaGA was converted to the 2 ,5-dichlorophenyl- 
hydrazone as described for the berry with leaves. This time the oxidation 
of the hydrazone with periodic acid was carried out at room temperature 
in phosphate buffer (pH 5.8), with continuous removal of the CO, from the 
mixture into a Ba(OH), trap as previously described for carbon 6. Under 
these conditions (7), the products are 1 molecule of dichlorophenylhydra- 
zone of glyoxal (carbon atoms | and 2), 3 molecules of HCOOH (carbon 
atoms 3, 4, and 5), and 1 molecule of CO, (carbon atom 6). After filtering 
off the hydrazone of glyoxal, the HCOOH in the filtrate was steam-distilled 
and converted to CO, with mercuric acetate, giving carbons 3, 4, and 5. 
The sum of carbons 3 and 4 was obtained by difference. 

The total radioactivity in all 6 carbon atoms was obtained by the wet 
combustion of a 2.6 mg. aliquot of NaCaGA. 

Recovery and Degradation of Arabinose—The methods used were identi- 
cal for both the berry with leaves and the berry without leaves. To the 
filtrate from the precipitation of the labeled galacturonic acid were added 
100 mg. of L-arabinose as carrier. The volume of the solution was reduced 
to about 4 ml. by evaporation in a current of air at room temperature. To 
it was added the free diphenylhydrazine resulting from the mixing of 1 gm. 
of purified diphenylhydrazine hydrochloride with 1 gm. of crystalline so- 
dium acetate in 7 ml. of 95 per cent alcohol, after filtering the NaCl (20). 
To the mixture of arabinose and diphenylhydrazine were added 15 ml. of 
50 per cent ethanol, and the arabinose diphenylhydrazone was allowed to 
crystallize overnight at 5°. The precipitate was filtered, washed with 50 
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per cent ethanol, air-dried at room temperature, and recrystallized from 
hot 65 per cent alcohol. 

After preliminary experiments had demonstrated that the arabinose di- 
phenylhydrazone itself was too insoluble to react satisfactorily in typical 
degradation procedures, such as periodate oxidation, the free arabinose 
was regenerated with acetaldehyde (21). This involved heating a 50 mg. 
aliquot of the recrystallized arabinose diphenylhydrazone in a sealed heavy 
Pyrex glass tube with 2 ml. of acetaldehyde and 2 ml. of distilled water at 
80° in a water bath for 3 hours. After several ethyl acetate extractions of 
the yellow oil, which rises to the surface, the aqueous layer containing the 
free arabinose was evaporated to dryness in a current of air at room tem- 
perature. By addition of several drops of distilled water, the arabinose 
was redissolved to form a thick syrup. A tiny drop of arabinose syrup 


TABLE I 


Radioactivity Incorporated into Galacturonic Acid and Arabinose of 
Boysenberry Pectins 


Material counted 
Galacturonic acid, berry with leaves. .......................... 37, 200 
Arabinose, berry with leaves......... | 1,100 


was converted to BaCO; by the wet combustion procedure. This BaCQOs, 
when counted, gives a measure of the total radioactivity in all 5 carbon 
atoms of the arabinose. To the remaining arabinose syrup were added 
0.75 ml. of methanol and later 84 mg. of I, dissolved in 2.35 ml. of methanol. 
The arabinose was converted to potassium arabonate by dropwise addi- 
tion of 1.75 ml. of 4 per cent KOH in methanol at 40° on a water bath (22). 
The potassium arabonate was filtered, washed several times with methyl 
alcohol, dried in air at room temperature, and decarboxylated with sodium 
periodate at room temperature at pH 5.8 (19). The resulting BaCO; rep- 
resents carbon atom | (aldehyde carbon) of the arabinose. The residual 
solution after removal of the CO. contains (6, 7) HCOOH (carbons 2, 3, 
and 4) and HCHO (carbon 5). These were isolated and counted as BaCO; 
by the methods previously described (19). 


Results 


Table I presents the relative amounts of radioactivity actually present 
in the galacturonic acid and arabinose samples which were chemically de- 
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graded and counted. It can be seen that the dilution in activity in the I] 
berry, coupled with the further dilution caused by the addition of enough — '™€ 
inert carrier to give samples large enough for the necessary chemical manip- rol 


TaBLeE II of 
Radioactivity of Various Carbon Atoms in Radioactive Galacturonic Acid; are 
Berry with Leaves (Thin Window Counter) ho 
Sample No Carbon atom No C.p.m., net C.p.m. per “ome : Per cent | 
mmole* correctedt pre 
1 1 7.2 2448 13,709 37 
2 1+ 2 9.9 4098 
2 (By difference) | 1650 | 9,240 25 
3 3+ 4 5.3 583 | 3,265 
4 6 13.9 386 | 2,162 6 
5 5+ 6 12.3 1970 | as 
5 (By difference) 1584 | 8,870 24 
| 37,246 


* Corrected for self-absorption and converted to a millimole basis. 
ft Multiplied by 5.6 to make the figures directly comparable to those obtained — 
with the windowless counter. 


TABLE III 


Radioactivity of Various Carbon Atoms in Radioactive Galacturonic Acid; 
Berry without Leaves (Windowless Counter) 


Sample No. Carbon atom No. C.p.m., net | =enate* Per cent 
9 1+2+3+4+4546 103 17, 296 
10 6 80 | 2,395 14 
11 5 + 6 43 | 2,824 _ 
5 (By difference) 429 2.5 
12 34+4+4+5 31 3,001 
3 + 4 (By difference) 2,572 15 ga 
13 1 313 10,042 58 mai 
2 (By difference) 1,858 10.5 | 
14 5 +6 28 2,697t be 
ml 
* Corrected for self-absorption and converted to a millimole basis. 12 
t Check on Sample 11. for 


ulations, has resulted in roughly a 10,000-fold decrease in activity com- 
pared to that of the original p-glucose-1-C%. For this reason, there was 
generally not enough activity in the samples to permit duplicate degrada- | 
tion experiments. 

Table II shows the percentages of radioactivity in various atoms of the « 
galacturonic acid from the “pectin” of the berry with leaves, and Table 
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III the corresponding results for the berry without leaves. Much more 
radioactivity is found, in the case of both berries, in carbon 1 of galactu- 
roniec acid than in any other carbon atom. 

Table IV shows the percentages of radioactivity in various carbon atoms 
of the arabinose from the ‘‘pectin” of the two berries. Here the results 
are even more pronounced. Essentially all of the activity is found in car- 
bon atom 1. 

A second berry without leaves was carried through the same general 
procedures described for the first berry without leaves. However, the 


TABLE LV 


Radioactivity of Various Carbon Atoms in Radioactive Arabinose; 
(Windowless Counter) 


Sample No. | Carbon atom No. C.p.m., net C.p.m. per mmole* Per cent 


Berry with leaves 


6 1 34.5 1011 92 

7 2+ 3+ 4 1.0 63 6 

8 5 0.4 26 2 
1100 

Berry without leaves 

15 1 | 130 3596 93 

16 2+3+4 | 0 0 0 

17 5 i) 262 7 
3858 


* Corrected for self-absorption and converted to a millimole basis. 


galacturonic acid from this berry had an activity of only 5460 counts per 
milliimole, and the arabinose had only negligible activity. Hence for this 
berry, only carbon atoms 1 and 6 of the galacturonic acid could be deter- 
mined, and 37.5 per cent of the radioactivity was found in carbon 1 and 
12.5 per cent in carbon 6. These results are in agreement with the data 
for the other two berries in that again it is indicated that carbon atom 1 
is most radioactive. 


DISCUSSION 


The data show that glucose-1-C™ can be converted by the enzyme sys- 
tems of a boysenberry fruit stem, with or without attached leaves, into 
“pectin.” Moreover, the results indicate that the transformation of glu- 
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cose to galacturonic acid and to arabinose may occur in a relatively straight- 
forward manner without the necessity for cleavage of the carbon chain, 
and that carbon | of the glucose becomes carbon 1 of the galacturonic acid 
and arabinose. Presumably all activity found in any carbon atoms other 
than carbon 1 of the galacturonic acid and the arabinose is a result of the 
randomization of the activities of the carbon atoms by the reversible glyco- 
lytic process and others occurring during the incubation period. 

The relatively high and equal activities found in carbon atoms 2 and 5 
of the galacturonic acid from the berry with leaves were not observed in the 
berry without leaves. Experimental data are too meager at this time to 
warrant a decision as to whether this difference is due to an essential differ- 
ence in the metabolism of a berry with leaves attached to its stem as op- 
posed to the metabolism of a berry with no leaves, or the variation from 
sample to sample normally encountered in nature, or some other unknown 
cause. Obviously, comparable fruits were not used in these experiments; 
neither time after pollination nor growing conditions were controlled. The 
berries were selected solely on the basis of their size and color. 

The relatively small amount of activity found in carbon atom 6 of ga- 
lacturonic acid also suggests that the splitting of hexose into two triose 
fragments and their recombination is either not an important part of the 
processes involved in the synthesis of pectin from glucose or is followed by 
an active reversible decarboxylation whereby the ‘‘hot”’ carbon atom 6 is 
exchanged for ‘‘cold’’ CO. from other sources within the respiring berry. 

The finding that essentially all of the activity in the “hot’”’ arabinose was 
located in carbon 1 suggests either that the pathway from glucose to arabi- 
nose is distinctly more direct than the pathway from glucose to galactu- 
ronic acid or that the galacturonic acid once formed is much more subject 
to randomization reactions during the incubation period than is the arabi- 


nose. 


SUMMARY 


Almost mature but still green boysenberries were permitted to imbibe 
glucose-1-C". Examination of the “pectin” constituents after 2 or 3 days 
incubation revealed the galacturonic acid and arabinose to be labeled. 

The largest percentage of the radioactivity was found in the aldehydic 
carbon atom and amounted to about 40 to 60 per cent for the galacturonic 
acid and about 90 to 95 per cent for the arabinose. These results suggest 
that glucose is converted to the galacturonic acid and the arabinose moie- 
ties without cleavage of the carbon chain. 


The authors wish to acknowledge the assistance of Dr. F. T. Jones and 
Mr. L. M. White of this Laboratory in the identification of the 2,5-dichloro- 
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phenylhydrazone derivative of galacturonic acid. They are indebted also 
to Mr. Leinbach of this Laboratory for the high temperature acid decar- 
boxylation of sodium calcium galacturonate. 
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THE TYROSINE OXIDATION SYSTEM OF LIVER 


Il. OXIDATION OF p-HYDROXYPHENYLPYRUVIC ACID TO 
HOMOGENTISIC ACID* 


By BERT N. La DU anv VINCENT G. ZANNONI 


(From the Laboratory of Chemical Pharmacology, National Heart Institute, 
National Institutes of Health, Public Health Service, United States 
Department of Health, Education, and Welfare, 

Bethesda, Maryland) 


(Received for publication, April 25, 1955) 


In mammalian liver tyrosine is oxidized to acetoacetic acid, fumaric acid, 
and carbon dioxide. ‘The initial step in this pathway is transamination of 
tyrosine with a-ketoglutarate to yield p-hydroxyphenylpyruvic acid (2-5). 
It is now generally accepted that p-hydroxyphenylpyruvie acid is then oxi- 
dized to homogentisic acid and the latter converted to acetoacetic acid via 
maleylacetoacetic (6) and fumarylacetoacetic acids (7). The enzymes cata- 
lyzing the oxidation of homogentisic acid have been separated and studied 
(6-10), but little advance has been made in elucidating the steps leading to 
the formation of homogentisic acid from p-hydroxyphenylpyruvic acid. 

The enzymatic oxidation of homogentisic acid requires ferrous iron and 
can be completely inhibited by a ,a’-dipyridy] (8-10). Consequently, it is 
possible, by employing this inhibitor, to study the oxidation of p-hydroxy- 
phenylpyruvic acid to homogentisic acid. In this paper some properties of 
the enzyme system catalyzing the oxidation of p-hydroxyphenylpyruvic 
acid to homogentisic acid are given. Evidence is presented that 2 ,5-di- 
hydroxyphenylpyruvic acid is not an intermediate in this oxidation. In 
addition, some effects of ascorbic acid on this reaction are described. 


EXPERIMENTAL 


Preparation of Acetone Powder and Powder Extracts—Acetone powder of 
dog liver prepared as described previously (2) was found to be nearly as good 
a source of the enzyme system as rat liver. Both preparations retained high 
enzyme activity for several months. On the other hand, rabbit liver pow- 
der was found to have high activity when freshly prepared, but lost most of 
the activity within 3 to 5 weeks. 

Acetone powder was extracted at 6° with 7 times its weight of distilled 
water by swirling the mixture occasionally for 5 minutes. The mixture was 
centrifuged at 3000 r.p.m. for 5 minutes and the supernatant fluid decanted 
through cheese-cloth and cooled in an ice bath until used. 


* A preliminary report of this work was presented in April, 1954, at the meeting 
of the American Society of Biological Chemists (1). 
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Incubation Conditions—The main compartment of the Warburg vessels 
contained | ml. of 0.1 M sodium phosphate buffer, pH 6.5, 0.2 ml. of 0.02 
a,a’-dipyridyl, 0.2 ml. of 0.2 m glutathione (adjusted to pH 6.5 just prior to 
addition), and 2 ml. of the acetone powder extract. One side arm contained 
5 umoles of p-hydroxyphenylpyruvic acid in 0.5 ml. of 0.1 Mm phosphate buf- 
fer; the control flasks contained buffer alone. The other side arm contained 
0.1 ml. of 0.04 m ascorbic acid in distilled water, prepared immediately be- 
fore addition. The center well held 0.2 ml. of 20 per cent KOH. After 
equilibration at 37° for 10 minutes, substrate and ascorbic acid were tipped 
in to start the reaction. The shaking rate was 180 oscillations per minute. 

Analytical Methods—Carbon dioxide was determined manometrically by 
the direct method, as described by Umbreit et al. (11). 

p-Hydroxyphenylpyruvic acid and homogentisic acid were extracted with 
10 volumes of peroxide-free ether from the incubation mixture acidified with 
1.0 ml. of 6 N sulfuric acid. The extraction served to separate these com- 
pounds from glutathione and ascorbic acid which interfered with their de- 
termination. An aliquot of the ether extract was transferred to a large 
conical centrifuge tube containing 5 ml. of water, and the ether was com- 
pletely removed in a current of air. The aqueous residue was adjusted to 
5.0 ml. with water. Aliquots were analyzed for p-hydroxyphenylpyruvic 
acid by the modified Millon method of Bernhart and Schneider (12) and for 
homogentisic acid by the molybdate reduction method of Briggs (13) as 
modified by Neuberger (14). Since p-hydroxyphenylpyruvic acid also re- 
acts with the molybdate reagent, correction was made when both com- 
pounds were present by subtracting the optical density due to the occur- 
rence of p-hydroxyphenylpyruvie acid. 

The distribution properties of homogentisic acid and p-hydroxyphenyl- 
pyruvic acid are such that about 95 per cent of the p-hydroxyphenylpyruvic 
acid and 75 per cent of the homogentisic acid were extracted into the ether 
phase. For this reason standard samples of theacids werecarried through 
the same procedure with each analysis. 

Ascending chromatography of homogentisic acid was carried out with 
Whatman No. 1 paper and a solvent system of n-butanol saturated with 
water and a few drops of formic acid, as described by Knox and LeMay- 
Knox (4). The dried paper was dipped in a solution of ammoniacal silver 
nitrate (15), then in 1.0 mM sodium thiosulfate, and finally washed with wa- 
ter to give black spots on a white background. 

Materials—p-Hydroxyphenylpyruvic acid and homogentisic acid were 
synthesized as reported previously (2). o-Hydroxyphenylpyruvice acid and 
m-hydroxyphenylpyruvic acid were prepared from the corresponding hy- 
droxybenzaldehydes in essentially the same manner as was p-hydroxy- 
phenylpyruvic acid. Samples of 2 ,5-dihydroxyphenylpyruvic acid and the 
lactone were generously supplied by Dr. Yasuyuki Takagi, and additional 
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quantities were prepared in this laboratory by Doris Titus according to the 
method of Neubauer and Flatow (16). p-Hydroxyphenyl-dl-lactic acid was 
obtained from the Krishell Laboratories, Inc. p-Hydroxyphenylacetone 
was synthesized by Dr. Sidney Goodwin and Dr. Bernhard Witkop. 


Results 


Conditions for Oxidation of p-Hydroxyphenylpyruvic Acid to Homogentisic 
Acid. a,a'-Dipyridyl—a,a'-Dipyridyl, 0.001 mM, completely inhibited the 
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Fic. 1. Oxidation of 10 pmoles of homogentisic acid. Flask contents, 2.0 ml. of 
acetone powder extract, 10 umoles of homogentisic acid in 0.2 m phosphate buffer, 
pH 6.5, and 0.1 m phosphate buffer to give a total volume of 4.0 ml. with the additions 
below. Gas phase, oxygen. Curve 1, no additions; Curve 2, with 0.001 M a,a’- 
dipyridyl and 0.01 m glutathione; Curve 3, with 0.001 M a,a’-dipyridyl but no gluta- 
thione. The conditions of Curve 1 gave the theoretical amount of acetoacetic acid; 
Curves 2 and 3, no acetoacetic acid. The contents of flasks for Curve 3 turned dark 


brown. 


enzymatic oxidation of homogentisic acid (Fig. 1). Higher concentrations 
were avoided, since they produced slight inhibition of the oxidation of p-hy- 
droxyphenylpyruvic acid to homogentisic acid. 

Ascorbic Acid—A requirement for ascorbic acid, or a compound with a 
similar oxidation-reduction potential, has been shown previously (4, 17, 18). 
L-Ascorbic acid was added to a concentration of 0.001 mM to be certain that 
it was present in adequate amounts. 

Glutathione—Homogentisic acid was found to be oxidized maseneientie 
cally to a dark, melanin-like material in the presence of a,a’-dipyridy! un- 
less a reducing agent was present. To prevent this reaction, 0.01 m gluta- 
thione was added to the incubation system (Fig. 1). 

Oxygen Tension—The initial rate of p-hydroxyphenylpyruvic acid oxida- 
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tion to homogentisic acid depended upon the oxygen tension. In air the 
rate of oxidation was nearly doubled by increasing the shaking rate from 112 
to 180 oscillations per minute. With oxygen as the gas phase the maxima] 
rate of oxidation could be obtained at the slower shaking rate. However, 
shaking in air at the faster rate was preferable, since endogenous oxidation 
was slower and homogentisic acid was more stable. 

Optimal pH—The oxidation of p-hydroxyphenylpyruvic acid had a broad 
optimal pH range, from pH 6.3 to 7.8. Beyond these limits the rate de- 
creased sharply. This was in contrast to the rather sharp optimal pH near 
7.8 found when tyrosine was oxidized to acetoacetic acid with extracts of 
dog or rat liver powder (2). The limited optimal pH range with tyrosine 
as the substrate is presumably determined by the transamination reaction, 
Most experiments with p-hydroxyphenylpyruviec acid were carried out at 
pH 6.5, since at this pH the endogenous oxygen uptake is low and measure- 
ment of CQ, evolution during the incubation period involves a relatively 
small correction for CO. retention. 

Balance Studies—The oxidation of p-hydroxyphenylpyruvic acid to ho- 
mogentisic acid would require the consumption of | mole of oxygen and the 
liberation of 1 mole of carbon dioxide. Results of balance studies at pH 
6.5 with 5 umoles of p-hydroxyphenylpyruvic acid were in close agreement 
with the theoretical values. Chemical analysis at the end of the incubation 
period showed the disappearance of 4.4 umoles of substrate and the forma- 
tion of 4.4 umoles of apparent homogentisic acid. During the reaction 4.5 
umoles of oxygen were taken up and 4.5 uwmoles of CO. were evolved. 
The rates of CO, evolution and Oz consumption were identical during the 
entire incubation period (Fig. 2), indicating that there was no accumu- 
lation of an intermediary compound. Accumulation of 2 ,5-dihydroxy- 
phenylpyruvic acid would produce a lag in CO: evolution, while the accu- 
mulation of p-hydroxyphenylacetaldehyde would produce a lag in oxygen 
uptake. 

Identification of Homogentisic Acid As Product in p-Hydroxyphenylpyruvic 
Acid Oxidation—Homogentisic acid was identified by the technique of com- 
parative distribution ratios (19). After an hour’s incubation, the contents 
of four flasks in which 5 wmoles of p-hydroxyphenylpyruvic acid had been 
oxidized were pooled, acidified, and extracted twice with ether, and the ether 
extract was evaporated in the manner described in the section on methods. 

Aliquots were adjusted to various pH values and shaken with ether. The 
solubility characteristics of the apparent homogentisic acid from the oxida- 
tion of p-hydroxyphenylpyruvic acid were, within experimental error, iden- 
tical with those of authentic homogentisic acid (Table I). 

Further evidence that the product was homogentisic acid was obtained 
by paper chromatography as described under the séction on methods. 
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Both apparent and authentic homogentisic acids gave a single spot, with an 
Ry of 0.72. Under the same experimental conditions p-hydroxyphenyl- 
pyruvic acid had an Fy of about 0.55, and 2,5-dihydroxyphenylpyruvic 
acid gave two spots, with Ry values of 0.22 and 0.81, as previously shown 
by Knox and LeMay-Knox (4). 

Comparison of Rate of Oxygen Uptake and Disappearance of Substrate—In 
order to be certain that oxygen uptake was an accurate measure of p-hy- 
droxyphenylpyruvic acid disappearance during the entire experimental pe- 
riod, the disappearance of p-hydroxyphenylpyruvic acid and the oxygen 
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TIME IN MINUTES 
Fic. 2. Rate of O2 uptake and CO: evolution during the oxidation of 5 wmoles of 
p-hydroxyphenylpyruvie acid to homogentisic acid. A, microliters of O: consumed; 
O, microliters of CO, evolved. Incubation conditions as described under ‘‘Analyt- 
ical met hods.’’ 


consumption were compared at various time intervals (Table II). The 
data indicate that the manometric method and the chemical method gave 
essentially the same results. There is no indication that an intermediary 
product accumulated during the incubation period. 

Inhibitory Effect of Excess p-Hydroxyphenylpyruvate—The initial rate of 
oxygen uptake was the same whether 5 uwmoles or more of p-hydroxyphenyl- 
pyruvic acid were added to the incubation mixture. However, at higher 
substrate concentrations, an unusual type of inhibition was noted; during 
the later part of the incubation period the rate of oxygen uptake progres- 
sively decreased and oxidation finally stopped before all of the substrate had 
been oxidized to homogentisic acid (Fig. 3). In fact, less substrate was 
finally oxidized when 15 umoles were incubated with the enzyme system 
than when 5 umoles were used. The inhibition was not brought about by 
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an accumulation of end-product, since the addition of 5 umoles of homo. 
gentisic acid with 5 wmoles of p-hydroxyphenylpyruvie acid produced jo 


TABLE I 


Distribution of Apparent Homogentisic Acid and Authentic Homogentisic Acid 
between Ether and Water at Various pH Values 


2.1 | 0.76 0.7 
3.0 | 0.73 | 0.73 
4.0 0.64 0.64 
4.5 | 0.44 0.44 
4.9 0.23 0.23 
5.4 | 0.11 (0.12 
6.5 0.03 0.02 


The apparent homogentisic acid was extracted into ether from the incubation mix. 
ture and taken into an aqueous phase, as described in the section on methods.  Ali- 
quots of the solution of authentic homogentisic acid and of apparent homogentisic 
acid were adjusted to various pH values with buffers and shaken with 10 volumes of 
ether. The fraction of the compound extracted at various pH values is expressed 
as the ratio of the amount of compound in the organic phase to total compound. 


TABLE II 


Comparison of Manometric and Chemical Methods for Measuring Rate of Oxidation 
of p-Hydroxyphenylpyruvic Acid to Homogentisic Acid 


| | Ratio 


Time | Net oxygen uptake | | 
min. | pmoles | pumoles 
3 | 2.0 | 2.2 | 0.91 
4 | 2.6 | 2. | 0.90 
6 | 4.0 | 4.2 | 0.95 
9 5.8 6.2 0.93 
12 7.0 | 7.6 | 0.92 
20 7.8 | 7.8 | 1.00 


Parallel experiments were performed. In one, 2.0 ml. portions of powder extract 
with the additions described under the section on methods were incubated in War- 
burg flasks with 8 uwmoles of p-hydroxyphenylpyruviec acid to determine the rate of 
oxygen uptake. In the other, a 16.0 ml. portion of the same powder extract with 
additions and substrate equivalent to eight pooled flasks was incubated in an Erlen- 
meyer flask. 4 ml. samples were removed at various times and analyzed for residual 
p-hydroxyphenylpyruvic acid. 


effect on the initial rate of oxidation or on the amount of substrate oxi- 
dized. 
The inhibitory effect of excess substrate could be prevented by adding 
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large amounts of ascorbic acid or small amounts of 2 ,6-dichlorophenolindo- 
phenol (Table III). The additional ascorbic acid or dye did not increase 
the initial rate, but maintained the reaction until most of the substrate was 
completely oxidized. Other compounds which prevented the inhibitory 
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Fic. 3. Oxidation of various concentrations of p-hydroxyphenylpyruvic acid to 
homogentisic acid. Chemical analysis at the end of the incubation period for re- 
sidual p-hydroxyphenylpvruvic acid showed that the micromoles of substrate oxi- 
dized were equal to the micromoles of oxygen consumed. 


TaBLeE III 


Effect of Ascorbic Acid and 2,6-Dichlorophenolindophenol on Oxidation of 
p-Hydroxyphenylpyruvic Acid 


| -Hydroxyphenylpyruvic acid 
Additions oxidized hr. 


umoles 


Ascorbic acid (0.001 | 5.8 


Incubation conditions were as described under ‘‘Analytical methods’’ except for 
ascorbic acid as indicated above. 10 uwmoles of p-hydroxyphenylpyruvic acid were 
used as substrate. Chemical analysis at the end of the incubation period for residual 
p-hydroxyphenyl pyruvic acid showed that the micromoles of substrate oxidized were 
equal to the micromoles of oxygen consumed. | 


effect of excess substrate were D-ascorbic acid, D-isoascorbic acid, and hydro- 
quinone. Glutathione, cysteine, resorcinol, and catechol were not effective. 
It should be noted that the group of compounds able to prevent inhibition 
by excess substrate in this system could also replace the need for added as- 
corbic acid in the oxidation of tyrosine in dialyzed powder extracts (18). 
Other Inhibitors—A different type of inhibition was produced by com- 
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pounds such as m-hydroxyphenylpyruvic acid and diethy] dithiocarbamate, 
In the presence of these compounds the initial rate of oxidation was less and 
the rate continued linearly for at least 1 hour. m-Hydroxyphenylpyruviec 
acid was the strongest inhibitor among the compounds tested. At 0.0002 y 
concentration it produced approximately 50 per cent inhibition and at 
0.0005 mM concentration over 90 per cent inhibition. In view of these re. 
sults, the possibility that m-hydroxyphenylpyruvic acid can block the oxi- 
dation of p-hydroxyphenylpyruvic acid in vivo is being studied. 

It was previously reported that diethyl] dithiocarbamate inhibited the 
oxidation of tyrosine (20). The reaction inhibited is the oxidation of p-hy. 
droxyphenylpyruvic acid, and over 80 per cent inhibition was produced by 
0.001 m diethyl dithiocarbamate. This inhibition could be decreased by 
the addition of small amounts of Cut+. Complete reversal of the inhibition 
with larger amounts of Cu** could not be shown because of the instability 
of ascorbic acid under these conditions. 

Inhibition by diethyl dithiocarbamate suggested that Cu** might be a 
component of the enzyme system. In preliminary experiments with liver 
powder extracts prepared from copper-deficient dogs! and litter mate con- 
trols, it was found that the copper-deficient preparations were about one- 
half as active in p-hydroxyphenylpyruvic acid oxidation activity but had 
the same homogentisic acid oxidation activity as the controls. The lower 
activity of the copper-deficient extract could not be increased by the addi- 
tion of Cu*+ directly or by pretreatment with Cut followed by dialysis to 
remove excess copper. Thus, no definite conclusion can be made in regard 
to copper as a requirement in the enzyme system. 

Substrate Specificity—Several analogues of p-hydroxyphenylpyruvic acid 
were tested as substrates of the enzyme system. It was surprising to find 
that 2,5-dihydroxyphenylpyruvic acid was not oxidized to homogentisic 
acid at a significant rate, since this compound is generally considered to be 
the intermediate in the oxidation of p-hydroxyphenylpyruvic acid (21, 22); 
2 ,5-dihydroxyphenylpyruviec acid was oxidized at less than one-tenth the 
rate of p-hydroxyphenylpyruvic acid in various dog liver preparations 
(Table IV). In fact, its rate of oxidation was about the same in buffer as 
with these enzyme preparations. Further evidence that 2 ,5-dihydroxy- 
phenylpyruvic acid is not the intermediate was obtained in experiments in 
which the relative rates of oxidation of these two acids to acetoacetic acid 
in homogenates of rat liver were compared. Again, p-hydroxyphenylpyru- 
vic acid was oxidized considerably more rapidly than 2 ,5-dihydroxypheny!- 
pyruvic acid (Table IV). The addition of p-hydroxyphenylpyruvic acid 
did not increase the oxidation of 2 ,5-dihydroxyphenylpyruvic acid, nor did 
the latter inhibit the oxidation of p-hydroxyphenylpyruvice acid. 


' We are indebted to Dr. James H. Baxter for these preparations. 
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A number of other analogues of p-hydroxyphenylpyruvic acid found to 
be inactive as substrates were o-hydroxyphenylpyruvic acid, m-hydroxy- 
phenylacetic acid, p-hydroxyphenyllactic acid, p-hydroxyphenylacetone, 
2,5-dihydroxyphenylalanine, and 2,5-dihydroxyphenylpyruvic acid lac- 
tone. 


TABLE IV 
Oxidation of 2,6-Dihydroryphenylpyruvic Acid and p-Hydroryphenylpyruvic Acid to 
Homogentisic Acid with Various Enzyme Preparations 


Initial rate of oxygen uptake 


Enzyme preparation pH 2,5-Dihydroxy-_ p-Hydroxy- 

phenylpyruvic  phenylpyruvic 
acid as substrate|acid as substrate 
pl. per 10 min. | pl. per 10 min. 

1.0 ml. dog liver powder extract. 6.5 | 4 117 


Incubation conditions for dog liver preparations were as described under the 
section on methods with exception of pH and enzyme preparations noted above. 
5 umoles of substrate were used per flask. 

* Supernatant fraction of dog liver homogenate and 0.1 mM phosphate, pH 6.5 
(2:3 volumes), centrifuged at 9000  g for 10 minutes. 

t Dialyzed supernatant fraction of rat liver homogenate prepared and incubated 
as described previously (4); a,a’-dipyridyl and glutathione were omitted. 


DISCUSSION 


Even with the crude extracts used in these experiments the highly spe- 
cific nature of the p-hydroxyphenylpyruvic acid oxidation enzyme system 
isapparent. A number of alterations of the pyruvic acid side chain all pro- 
duced inactive compounds. That neither o- nor m-hydroxyphenylpyruvic 
acid was oxidized to homogentisic acid is consistent with the findings that 
these keto acids and their amino acid analogues (23) do not give rise to addi- 
tional homogentisic acid when fed to alcaptonuric patients. 

Data in this paper leave little doubt that the predominant pathway by 
which p-hydroxyphenylpyruvic acid is oxidized is via homogentisic acid. 
2,5-Dihydroxyphenylpyruvic acid can probably be excluded as an inter- 
mediary product in this reaction, since it is oxidized at a much slower rate 
than p-hydroxyphenylpyruvic acid. Furthermore, it has recently been re- 
ported that 2 ,5-dihydroxyphenylpyruvic acid is not oxidized by an enzyme 
preparation from hog liver which oxidizes p-hydroxyphenylpyruvic acid to 
homogentisic acid (24). Migration of the side chain presumably takes 
place (25), but it is now more likely that the pyruvate side chain is altered 
prior to the migration. However, another possibility is that 2 ,5-dihy- 
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droxyphenylpyruvic acid is formed directly on the enzyme surface and never 
exists as a free intermediate before its subsequent conversion to homogenti- 
sic acid. 

The réle of ascorbic acid in the oxidation of p-hydroxyphenylpyruvic acid 
is still not clear. It has no appreciable effect on the initial rate of p-hy- 
droxyphenylpyruvic acid oxidation, but maintains the activity of the en- 
zyme system for a longer time, and thus more substrate is finally oxidized 
to homogentisic acid. This effect is more evident if large amounts of sub- 
strate are used. The observation by Knox and LeMay-Knox (4) that as- 
corbic acid prolongs the period of time during which tyrosine is oxidized in 
homogenates of rat liver is in agreement with this interpretation of our data. 

If ascorbic acid were utilized in an irreversible process during the oxida- 
tion of p-hydroxyphenylpyruvic acid, it would be expected that more would 
be required as the amount of substrate is increased. However, as deter- 
mined by titration with 2 ,6-dichlorophenolindophenol dye, much less than 
stoichiometric amounts of ascorbic acid disappear during the oxidation (18). 

The finding that several other compounds, such as hydroquinone and 2,6- 
dichlorophenolindophenol, can replace ascorbic acid does not support the 
theory of Sealock et al. (17, 26) that ascorbic acid is acting as a coenzyme. 
IXnox (27) has also observed that increased amounts of p-hydroxyphenyl- 
pyruvic acid are inhibitory and that, under these conditions, larger amounts 
of ascorbic-acid are required for the complete oxidation of the substrate. 
Smaller amounts of 2,6-dichlorophenolindophenol are also effective. He 
also concludes that, at this time, it may be premature to call ascorbic acid a 
coenzyme in this reaction. It seems more probable that ascorbic acid and 
the compounds which can replace it maintain a component of the system in 
an active form and prevent the inhibitory effects of substrate. 

Oxidation of p-hydroxyphenylpyruvic acid is also inhibited by high con- 
centrations (0.01 Mm) of other a-keto acids, such as pyruvate and oxalacetate, 
and this inhibition is prevented by ascorbic acid.2._ The high concentration 
of these a-keto acids required to demonstrate inhibition makes it doubtful 
that these particular compounds exert any significant effect under physio- 
logical conditions. However, these observations raise the possibility that 
ascorbic acid might prevent inhibition by other more potent compounds of 
this type as well as by the substrate. 

A more detailed study of this reaction and the function of ascorbic acid 
requires further purification of the enzyme system. This is now in prog- 
ress, 


SUMMARY 


1. The quantitative oxidation of p-hydroxyphenylpyruvic acid to homo- 
gentisic acid in extracts of dog liver acetone powder can be measured mano- 


2 La Du, B. N., unpublished data. 
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metrically. The oxidation of homogentisic acid is prevented by a,a’-di- 


ridyl. 
vs 2 ,5-Dihydroxyphenylpyruvie acid is not oxidized at a significant rate 
in this system. This suggests that 2,5-dihydroxyphenylpyruvic acid is 
not an intermediate in the formation of homogentisic acid from tyrosine. 

3. The enzyme system of dog liver is highly specific for p-hydroxypheny]- 
pyruvic acid; o-hydroxyphenylpyruvic acid, m-hydroxyphenylpyruvic acid, 
p-hydroxyphenyllactic acid, and p-hydroxyphenylacetone are not oxidized. 

4. The oxidation of p-hydroxyphenylpyruvic acid is inhibited by high 
concentrations of substrate. The inhibition can be prevented by ascorbic 
acid. It is possible that a function of vitamin C in this reaction is to pre- 
vent this type of inhibition. 
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DETERMINATION OF CEREBROSIDES* 


By NORMAN 8. RADIN, FRANCES B. LAVIN, ann JAMES R. BROWN 


(From the Radioisotope Unit, Veterans Administration Research Hospital, 
and the Department of Biochemistry, Northwestern University 
Medical School, Chicago, Illinois) 


(Received for publication, May 19, 1955) 


A new method for estimation of cerebrosides has been developed as part 
of a program for metabolic studies of the complex brain lipides. Methods 
previously described are based on the determination of the carbohydrate 
content of a hydrolyzed lipide extract by a colorimetric procedure (1-3) 
or by measurement of reducing material (4). The hydrolytic procedures 
are tedious and tend to give low values, possibly because they involve 
reaction between a solid and a liquid. Measurement of reducing power is 
non-specific and might give rise to high values when applied to a complex 
extract. By none of the published methods can distinction be made be- 
tween cerebrosides and the other carbohydrate-containing lipides now 
known to occur in brain: strandin (5), gangliosides (6), cerebron sulfate (7), 
and a fructose-containing lipide (8). 

In the method to be described cerebrosides are separated from other 
carbohydrate lipides and interfering material by passing a solution of whole 
brain lipide through a column containing Florisil and a mixture of ion ex- 
change resins. The crude cerebrosides are then determined without hy- 
drolyzing by a modification of the anthrone reaction. 

The crude cerebrosides were characterized further by a new system of 
inverse phase column chromatography. 


Materials and Methods 


Column Preparation—Duolite A-7, a weakly basic ion exchange resin,} 
is ground in a ball mill to 40/200 mesh and then treated successively with 
2n NaOH, water, N HCl, water, Nn NaOH till Cl--free, and water till 
neutral; the last two steps are carried out in a column. Dowex 50-X4 
30/100 mesh? is cycled similarly with 4 Nn HCl, water, 2 n NaOH, water, 
2 HCI till Nat-free, and water till neutral. The resins are mixed in the | 
ratio 2:1 (dry Duolite-moist Dowex) and stored in water. Before use the 


* This investigation has been aided by a grant from the Multiple Sclerosis Founda- 
tion of America, Chicago; Dr. Lewis J. Pollock, responsible investigator. Part of 
the work was performed at the Radioisotope Unit, Veterans Administration Hospi- 
tal, Hines, Illinois. 

‘Obtained from the Chemical Process Company, Redwood City, California. 

?Obtained from The Dow Chemical Company, Midland, Michigan. 
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mixture is washed with alcohol by decantation to remove most of the water 
poured into a column 1 cm. in diameter to give a packing 5 em. high, and 
then washed with 30 ml. of chloroform-methanol (2:1). The solvent js 
added carefully to minimize resuspension of the resins. When the liquid 
level.is about 2 cm. above the packing, 0.8 gm. of Florisil* is added, together 
witha few portions of solvent to insure that no air is entrapped in the pow- 
der. The flow rate is controlled by a screw clamp and a short length of 
Neoprene tubing that had been treated overnight with the same solvent 
in a Soxhlet extractor. 

Preparation of Lipide Extract—The extraction procedure is derived from 


the methods of Folch et al. (9) and Sperry (10). A sample of brain is | 


homogenized 5 minutes in a tissue grinder with a close fitting motor-driven 
Teflon pestle or in the homogenizer of Sperry (10), and an aliquot is drawn 


into a 1 ml. syringe fitted with a flat end No. 13 needle. An aliquot of | 
homogenate containing about 1.7 mg. of cerebroside is ejected into the | 
corners of a weighed 50 ml. Erlenmeyer flask containing two large glass | 
beads. Weighing the stoppered flask gives the wet weight of the sample. | 


5 ml. of acetone are added, and the flask is swirled 10 minutes on a 
swirler evaporator (11) to make the beads spread out the homogenate in 
contact with the acetone. The solvent is then removed under vacuum 
with the same apparatus and dried further in a vacuum desiccator over 
wax and P.O;. After 24 hours the flask is reweighed, giving the dry weight 
of the sample. 

The lipides are extracted by swirling 10 minutes with 20 volumes (based 
on the wet weight) of chloroform-methanol (2:1), and the entire suspension 
is transferred to the packed column with a rubber-bulbed pipette; two 
2 ml. washes are required to make the transfer complete. The solution is 
allowed to percolate through the column at about 1 ml. per minute, followed 
at the same rate by 40 ml. more of the same solvent. The effluent is re- 
ceived in a 125 ml. flat bottom boiling flask and evaporated to dryness 
with the swirler evaporator. The residue is dissolved in 10 ml. of the same 
solvent, three 3 ml. aliquots are transferred to 18 K 150 mm. test-tubes, 
and these are evaporated to dryness similarly. 

Colorimetric Determination—A 2 per cent solution of anthrone in sulfune 
acid is allowed to age 4 hours (12) and is then stored in a refrigerator no 
more than 2 weeks. Before use, 0.3 ml. of the stock solution is mixed 
with 3.7 ml. of a stock sulfuric acid-water solution (25:12). 

2 ml. of 85 per cent phosphoric acid are added from a reservoir burette 
to the cerebroside sample, and the test-tubes are heated in a 90° bath for 
15 minutes. This appears to dissolve the lipides. The tubes are cooled 


3 An activated magnesium silicate, 60/100 mesh, from the Floridin Company, 
Tallahassee, Florida. 
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in ice water about 5 minutes, and 5 ml. of diluted anthrone solution are 
added from a burette. The viscous liquids must be mixed with a stirring 
rod having a flattened end, or, less effectively, by shaking. The tubes are 
then heated at 90° for 24 minutes to develop the green color, cooled in ice 
water 5 minutes, and the contents poured into colorimeter tubes (matched 
18 X 150 mm. Pyrex culture tubes). The slight haze in the solutions is 
removed by centrifuging the colorimeter tubes 20 minutes at full speed in 
a Servall model SP angle centrifuge fitted with rubber cushions or at 2300 
r.p.m. in an International No. 2 centrifuge fitted with No. 325 cups. With 
the latter, the speed is raised very slowly at the beginning to avoid break- 
ing the tubes. 

Without decanting or unnecessarily agitating the solutions, their optical 
densities are then measured in a Coleman universal spectrophotometer at 
625 my within 1 hour after the end of the heating step. A blank made 
fom phosphoric acid and anthrone solution is used. Occasionally a 
“complete” blank is used, made by running solvent through the entire 
procedure. This blank has an optical density of about 0.01, which is 
ordinarily just assumed and applied as a correction to all analyses involv- 
ing the column treatment. 


RESULTS AND DISCUSSION 


Linearity of Colorimetric Method—A typical plot of optical density 
versus sample weight, obtained with beef spinal cord cerebroside of 80 per 
cent purity, is presented in Fig. 1. (The weights refer to the cerebroside 
content, as measured by galactose content.) Slight curvature is evident, 
particularly at low sample weights. Between about 200 and 700 7 the line 
appears linear. Since the absolute optical density values vary from day 
today, it is necessary to run standards each time. Sample sizes and stand- 
ard weights are chosen so that the values obtained fall on the linear part 


‘of the curve. Since the extrapolated straight line does not go through 


the origin, it is necessary to use two different standards, about 250 and 
500 y. A similar curve is obtained with rat brain lipides obtained by the 
method described above. 

Color Development Step—Omission of the phosphoric acid results in in- 
complete solution and a low color yield. The ability of phosphoric acid 
to dissolve many organic compounds is used in qualitative organic analysis 
(13). Heating with anthrone solution seems to precipitate a small amount 
of material; this rises to the top on centrifuging. Omitting the centrifug- 
ing gives somewhat higher optical densities, depending on the purity of the 
sample. The phosphoric acid should be colorless, rather than the tan 
occasionally found. As with other anthrone methods, lint must be stu- 
diously avoided. 
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The optical density of the green solutions is unchanged after 60 minutes: 
a decrease of 1 per cent is found after 140 minutes. The maximal color | 2 
yield is obtained in the period between 20 and 28 minutes of heating, f * 
The use of a boiling water bath seems to give less accurate results; at this | 2" 
temperature we use heating periods of 10 and 6 minutes. Phosphoric acid | © 
does not change the location of the absorption peak. Fr 

Action of Florisil—If the Florisil is omitted, the anthrone reaction mix. 
ture is brownish green and has much brown insoluble material. The inter. | 88 
fering material coming through the mixed resin column is readily removed dr 
by extracting the dried effluent with petroleum ether, which does not 
dissolve cerebroside. However, it was found that the presence of the other | °@ 


ex 
> O0.8F 
oO 0.6 
oO 
= O.4F 
Int 
Lit 
- | 
200 400 600 800 F 
es 
5 Cerebroside 
Fic. 1. Relation between sample weight and optical density at 625 mg. The a 
connecting line is drawn straight to emphasize the linear section of the curve. 


lipides in this fraction makes the cerebroside considerably more soluble. 
Commercial lecithin and cholesterol show this effect ; triglycerides do not. dr 
Analysis of rat brain lipides before and after treatment with Florisil |! 
shows that the magnesium silicate adsorbs practically all the phospholip- | * 
ides (Table I). The adsorbed material has a phosphorus content of 3.2 , 
per cent, suggesting that little besides phospholipide has been adsorbed. | '" 
As the presence of water in the chloroform-methanol reduces the amount | "P 
of phosphorus taken up, it seems advisable to wash the Florisil with a 
minimum of solvent unless the solvent has been deliberately dried. 
Action of Ion Exchange Resins—The known carbohydrate lipides fall | PU 
into two classes: neutral (cerebroside) and acidic (strandin, ganglioside, 
cerebronsulfuric acid). It isto be expected that the acidic material would 
be taken up by the basic resin. This was demonstrated by passing a rec 
lipide extract of rat brain through Dowex 50 and then through Duolite A-7 


The 
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and eluting the latter with ethanol-chloroform-hydrochloric acid. A 
series Of fractions was obtained, one of which gave a strongly positive 


anthrone test and, in the case of rats which had received S**-methionine, 


contained radioactivity (other radioactive fractions were also obtained). 
From this it would appear that cerebron sulfate is taken up by the Duolite. 

These results are consistent also with the data in Table I, which demon- 
strate uptake by the mixed resins of a considerable amount of carbohy- 
drate lipide (calculated here as cerebroside). 

Omission of the Dowex from the complete column produces higher 
cerebroside values, presumably because the acidic carbohydrate lipides 
exist in the extract as the salts of strong bases; the weakly basic Duolite 
would not be expected to split such salts. Cerebronsulfuric acid was 


TABLE I 
Lipide Composition Changes Following Chromatographic Treatment 


Fraction Total weight 
me. me. me. 
Initial lipide sample...................... 1120 101 19.2 
Lipide after treatment with Florisil. ....... 524 114 0.126 


Ten rat brains (9.383 gm., wet weight) were treated according to the method 
described in the text. 


isolated in part as the potassium salt (7), the potassium evidently arising 
from the lipide extract itself. 

Further supporting the réle of the resins as removers of acidic carbohy- 
drate lipides is the finding of a negative test for gangliosides (14) in lipides 
from a mixed resin column, Strandin was removed by the mixed resins, 
as well as by Florisil. 

It is interesting to note that only half the phosphorus in the Florisil- 
treated lipides is taken up by the resins (Table I). Dowex 50 alone takes 
up a good deal of phospholipide from crude extracts, but is much less effec- 
tive than Florisil. 

Recovery of Cerebroside—When beef spinal cord cerebroside (80 per cent 
pure) is passed through a Florisil-resin column, complete recovery appears 
to be obtained. Values found in different experiments with a range of 
cerebroside additions were 98.6, 99.6, 98.8, 100.1, 101.8, and 99.5 per cent 
recovery ; average, 99.7 per cent. In another recovery experiment, normal 
brain aliquots were mixed in duplicate with 0, 0.7, and 1.4 mg. of cere- 
broside, respectively, and analyzed in the usual way. The cerebroside 
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contents of the aliquots, after subtraction of the added material, were | 
5.45 and 5.55, 5.60 and 5.74, and 5.29 and 5.76 per cent, respectively, | 


The averages of the duplicates agree well, 5.50, 5.67, and 5.52 per cent. 

The apparent increase in cerebroside content (Table I) on passing rat 
brain lipides through the Florisil is presumably due to removal of inter. 
fering material. Since cerebroside is known to be combined, at least in 
part, with protein (15), the question must be considered whether the 
combined cerebroside is determined by our procedure. A sample of mouse 
brain proteolipide A plus B‘ was processed like a brain sample, one portion 
being refluxed 4 hours with a large volume of methanol-chloroform (1:2) 
before placing it on the column. Both portions gave very similar cere- 
broside content: 30.4 and 30.8 per cent for the untreated material, 32.6 
and 30.7 per cent for the treated material. 

Inverse Phase Partition Chromatography—The material obtained from 
the complete column presumably contains only non-ionic lipides, such as 
cerebroside, cholesterol, neutral fat, cerebrosterol (16), and certain hy- 
drocarbons (17). Possibly waxes and high molecular weight alcohols are 
also present. In an effort to purify the cerebroside further and to ascer- 
tain the homogeneity of the carbohydrate lipide, a new type of inverse 
phase partition column was developed. 

Spheres of polystyrene 200/400 mesh, 2 per cent cross-linked,® were 
used to immobilize the non-polar phase. The spheres were first extracted 
with toluene-ethanol, 1:1, in a Soxhlet extractor for 20 hours and air- 
dried, and the slightly caked material was lightly ground in a mortar. 
5 ml. of the upper phase of the system toluene-ethanol-water (1:4:5) 
were added to 2.5 gm. of polystyrene, which swelled rapidly, and the 
mixture was shaken for a few minutes. The lower phase was added to 
give a loose slurry, the mixture was left standing 1 hour to insure equili- 
bration, and the slurry was poured into a column of 1 cm. inside diameter 
and allowed to pack down with the aid of slight air pressure. A sample 
of lipide obtained from a Florisil-resin column (from 180 mg. of rat brain) 
was dissolved in 2 ml. of chloroform-methanol, mixed with 100 mg. of HCI- 
washed Celite No. 545, the solvent removed in the swirler evaporator, the 
powder mixed with a small volume of the lower phase of the toluene- 
alcohol-water mixture, and the whole transferred to the partition column. 

Elution with the same solvent yielded some anthrone-positive material; 
substantially all of this material is eluted in 60 ml. Calculated as cere- 
broside, this amounts to 5 per cent or less of the initial cerebroside. Per- 
haps this is the cerebroside with 2 molecules of hexose found by Klenk and 
Rennkamp in spleen (18). The presence of this lipide has been disregarded 
in our analytical method. 


‘Kindly furnished by Dr. P. K. Olitsky and Dr. J. M. Lee. 
5 Experimental plastic, Q870.7, The Dow Chemical Company. 
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Further elution with 100 ml. of the lower phase of toluene-alcohol-water 
(1:4:2.5) gave the remainder of the cerebroside. In a large scale experi- 
ment this fraction assayed 68 per cent pure. Further elution with chloro- 
form-ethanol-water (10:8:1) destroyed the separation of the two phases 
and eluted the cholesterol and esters, which do not appear earlier. No 
attempt was made to elute these while preserving the partition. 

This type of partition column may well have more general use for separa- 
tion of lipides and is being studied further in our laboratory, particularly 
for the separation of the higher fatty acids. 

Precision of Analytical Method—Analysis for cerebroside of aliquots of a 
brain homogenate gave the following results: 4.93, 4.96, 4.97, 5.09, and 
5.18 per cent of the dry weight ; average, 5.03 per cent; standard deviation 
1.9 per cent of the mean. 

In another experiment triplicate aliquots of rat brain lipide processed 
through a large column were analyzed at intervals ranging up to 14 days 
in an effort to test the stability of the anthrone stock solution and the day 
to day accuracy of the colorimetric procedure. 539, 558, 556, 537, 538, 
and 553 y of cerebroside were obtained per aliquot; average, 547 y; standard 
deviation 1.6 per cent of the mean. 

Glucose versus Galactose—Anthrone produces different color yields with 
galactose and glucose (19), as well as with other sugars. The possibility 
therefore had to be considered that glucose occurs, and in varying propor- 
tions, in either the brain or the beef spinal cord cerebrosides used as stand- 
ards. The statement appears in the literature that brain cerebrosides 
contain galactose as the sole sugar (20-22). However, the samples ana- 
lyzed by earlier workers were very likely obtained by fractionation pro- 
cedures involving considerable loss, and the possibility therefore exists 
that glucose-containing cerebrosides were lost in the isolation procedure. 

To investigate this point further, rat brain and standard cerebroside 
were hydrolyzed 2 hours at 100° with 3 n HCl, chloroform was added to 
prevent gel formation, and the diluted aqueous layer was neutralized by 
passage through a Duolite A-7 column. The effluent and wash effluent 
were evaporated to dryness in the swirler evaporator, and the residue was 
dissolved in a small amount of water and analyzed by the paper chromatog- 
raphy system of Chargaff et al. (22) with three ascending developments 
(23). Color development with aniline-phthalic acid (24) revealed a heavy 
galactose spot in both hydrolysates, corresponding closely in intensity to 
the value expected from anthrone analysis. No trace of glucose was ob- 
served; judging by parallel standard spots, less than 1 per cent glucose is 
present. A minute amount of a faster moving material was observed with 
the rat brain hydrolysate. 

Interfering Materials—As Folch et al. have shown, non-lipoidal material 
is found in the crude lipide extract and can be removed by extraction with 
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water (9). This step is unnecessary in our procedure, as shown by analysis 
of crude and water-washed extracts. 

Cholesterol, which is present in the crude cerebroside from the column, 
produces some yellow color in our colorimetric procedure. 1 mg. gives an 
optical density of about 0.015 at 625 my and a similar increase when 
mixed with cerebroside. This suggests that values for cerebroside from 
brain should be decreased by about 3 per cent. 


SUMMARY 


A colorimetric micromethod for the determination of cerebrosides in 
brain is presented. The procedure involves removal of interfering lipides 
and non-cerebroside carbohydrate lipides by a column packed with Florisil 
and mixed ion exchange resins. The resultant crude cerebrosides are de- 
termined by a modification of the anthrone procedure in which the lipoidal 
material is rendered soluble by preliminary heating with phosphoric acid. 
An inverse phase partition column is described in which polystyrene spher- 
ules are used to immobilize the organic non-polar phase. 
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THE SYNTHESIS OF myo-INOSITOL IN THE RAT* 


By JUNE W. HALLIDAY ann LAURENS ANDERSON 


(From the Department of Biochemistry, College of Agriculture, University of 
Wisconsin, Madison, Wisconsin) 


(Received for publication, May 20, 1955) 


In 1924, Needham (1) observed the steady excretion of myo-inositol! 
by polyuric rats subsisting on a high salt, purified diet. He took this 
finding as evidence that the rat can synthesize inositol, but it now seems 
likely that his diet contained appreciable amounts of the compound.’ 
A number of years later, Woolley (4) found that myo-inositol was the fac- 
tor required for the prevention of an alopecia which developed in mice fed 
a purified ration. Since that time, the compound has been routinely added 
to most synthetic diets on the assumption that an exogenous source may 
be generally required by animals. Further attempts at the direct demon- 
stration of this requirement have not been uniformly successful (for recent 
work with rats, see McCormick et al. (3)). However, it has been supposed, 
following Woolley (5), that many animals obtain their inositol from their 
intestinal flora. 

Until recently, there has not been available any direct evidence for the 
ability of animals to synthesize myo-inositol in their own tissues. During 
the course of a general study of the metabolism of inositol in the rat, it 
was observed that the output of inositol in germ-free rats over a period of 
4 months was greater than the input (6, 7), indicating that there had been 
synthesis of inositol. In the experiments reported in this paper, a new 
method for the isolation of the total inositol of animal tissues was devel- 
oped, and the synthesis of inositol in the adult rat was confirmed by the 
isolation of radioactive inositol from animals which had received glucose- 
1-C%, While these studies were in progress, Daughaday, Larner, and 


* Published with the approval of the Director of the Wisconsin Agricultural Ex- 
periment Station. Supported in part by the Research Committee of the Graduate 
School from funds supplied by the Wisconsin Alumni Research Foundation. 

‘Formerly meso-inositol (2). When the term ‘‘inositol’’ is used without a prefix 
in this paper, the myo isomer is intended. 

*Needham’s diet was made up of casein, sucrose, palm kernel oil, marmite ex- 
tract, and orange juice. The marmite was tested; only negligible quantities of in- 
ositol were isolated (1). But a batch of alcohol-extracted casein, prepared at Wis- 
consin in the routine way, has been found to contain 1.25 mg. of inositol per 100 gm. 
(R. Coots, unpublished data). McCormick et al. (3) found in their supposedly 
inositol-free diet 4 mg. per 100 gm. of the compound, which they state was probably 
derived from the sucrose. 
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Hartnett (8) reported the synthesis of inositol from uniformly labeled | 


glucose in the immature rat and in the chick embryo. 


EXPERIMENTAL 


Isolation of Total Inositol of Animal Tissues—In the method use is 
made of the great stability of inositol to acid. Most of the components 
of the tissue, including the ordinary carbohydrates, are converted by vig- 
orous acid treatment to ionic or volatile products. After treatment of 
the neutralized hydrolysate with ion exchange resins and concentration, 
only small amounts of neutral compounds remain. Inositol crystallizes 
readily from this mixture. The use of ion exchange resins in the isolation 
of inositol from acetone extracts of hog kidney has recently been reported 
by Kojima and Kusakabe (9). Only the “‘free’’ portion of the tissue in- 
ositol is obtained by their procedure. 

A rat was sacrificed by a blow on the head and the whole carcass was 
ground in an electric meat grinder and then further homogenized with 
200 ml. of water in a Waring blendor. Sufficient concentrated sulfuric 
acid to make the suspension 6 N was added. (The tissues were assumed 
to contain 80 volumes per cent of water.) The suspension was then auto- 
claved overnight at 17 pounds pressure. The resulting dark brown liquid 
was neutralized with solid calcium carbonate to an approximate pH of 
5.0, and the heavy white precipitate which formed was removed by filtra- 
tion and washed. The filtrate was first decolorized with Darco G-60, 
then deionized by passage through a column of Dowex 50, followed by 
passage through Amberlite IRA-400. With columns of the size used; 
complete deionization required a second treatment if the pH of the original 
solution was less than 5.0. Microbiological assays for inositol (10) were 
performed at all steps in the isolation procedure. Some typical results 
are shown in Table I. It may be seen that the deionized solution con- 
tained 94 per cent of the inositol originally present in the hydrolysate of 
the carcass. 

The neutral, deionized solution was concentrated to about 0.7 ml., 
decolorized if necessary, and filtered. Absolute ethanol was then added 
until the solution became faintly cloudy. White crystals (25 to 65 mg.) 
appeared almost immediately. When the yield of first crop was low, more 
crystals were obtained by reconcentrating the mother liquors and again 
adding ethanol. 

Recrystallization of the crude material from water-ethanol gave pure 
myo-inositol, melting at 222—223° (11). The mother liquors must be re- 
worked if a good yield of recrystallized product is to be obtained. The 


3 Respectively, 6.5 X 39 em. and 7.0 X 38cm. The standard 50 to 100 mesh resins 
with 8 per cent cross-linking were employed. 
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identity of one sample was checked by acetylation. Heating for 5 hours 
at 100° with acetic anhydride and pyridine gave the hexaacetate, m.p. 
916-217° (11). 

Formation of myo-Inositol-C“ in Body of Rat—Glucose-1-C™ synthesized 
by the method of Isbell and coworkers‘ (12) was used in these studies. 
Male albino rats of the Sprague-Dawley strain, weighing from 300 to 400 
gm., were used and food and water were given ad libitum during the experi- 
ments. For the first experiment 9.8 mg. of glucose, having an activity® of 
1.98 * 10° c.p.m. per mg. of C, were dissolved in 3.5 ml. of water. 0.5 
ml. of this solution was injected into the leg muscle of the rat. The in- 
jection was repeated ten times at hourly intervals with 0.25 ml. of solu- 
tion. This dosage schedule was based on the figure of 0.85 hour given by 
Feller, Strisower, and Chaikoff (13) for the half life of blood glucose in the 


TABLE I 
Assay Results from Typical Inositol Isolation 


Inositol assayed after | Amount from total carcass* 
| meg. 
Hydrolysis and neutralization........................... 85 
“ Amberlite | 83 


* Weight, 300 gm. 


rat. After the final injection, the rat was left for a period of 2 hours and 
then sacrificed by a blow on the head. The inositol was isolated from the 
total carcass as described above. 

In the next experiment the procedure was as in the first, except that the 
intestinal contents were removed before the carcass was processed. 

In the final experiment the number of intestinal bacteria was reduced 
by first cecectomizing the rat and then maintaining the animal for 3 days 
on a stock ration to which had been added, per kilo, Terramycin, 600 mg. ; 
penicillin, 400 mg.; bacitracin, 400 mg.; sulfasuxidine, 10,000 mg.; and 
3-nitro-4-hydroxyphenylarsonic acid, 50 mg. The animal was then given 
injections of glucose-1-C™ as before and the inositol was isolated from the 
carcass after removal of the intestinal contents which were saved for a 


‘From barium carbonate purchased from the United States Atomic Energy Com- 
mission. 

‘ All radioactive materials were plated directly as thin layers (<1 mg. per sq. cm.) 
on copper planchets and counted with a thin window Geiger-Miiller tube at 5 per 
cent geometry. 
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bacteriological check. At the time of sacrifice a portion of the liver was 
removed and the glycogen was isolated from it by trichloroacetic acid 
extraction, as described by Stetten and Stetten (14), in order to compare 
the level of radioactivity in the glycogen with that in the inositol. This 
material was reprecipitated three times with ethanol, then plated directly 
for a determination of its specific activity. The final precipitate weighed 
1.0 mg. 

The isolated inositol was twice recrystallized in every case, and that 
from the first two experiments was, in addition, chromatographed on 
cellulose powder.® 6 to 8 mg. were dissolved in 0.2 ml. of water and ap- 
plied to al X 21 cm. column. Acetone-water, 8:2 (volume to volume), 
was used as the developing solvent. The effluent was collected in 5 ml. 
fractions, and, after the acetone had been boiled off, drops of each fraction 


Taste II 
Specific Activity Data 

| | wl Estimated = Specific activity Administered 
Experiment No. Weight of rat inositolin of isolates hag 
| | carcass inositol 

gm. | p.m. | mg. c.p.m. per mg. C per cent 

1 300 | 6.7x10° | 0.057 

2 399 | 1.10 K 10° | 110 | 136 0.055 


* All samples, after final purification, melted at 222.5-223.5°. 


were spotted on duplicate papers. One paper was sprayed with aniline 
hydrogen phthalate to detect reducing sugars and the other with ammonia- 
cal silver nitrate (6 per cent) to detect inositol. Selected fractions from 
the inositol peak were rechromatographed on paper with acetone-water, 
9:1 (volume to volume), as the developer, and the fractions which preceded 
and followed the inositol peak were monitored for radioactivity. To re- 
cover the inositol, the appropriate fractions were evaporated to dryness, 
and the residue was crystallized in a centrifuge tube. A trial run with an 
authentic mixture showed that glucose and myo-inositol would be separated 
by the column employed. 


Results 


The injection of glucose-1-C™ led in all experiments to radioactive 
inositol. The data are given in Table II. The specific activity of the 
inositol isolated in Experiments 2 and 3 rose on the second recrystalliza- 


6 Whatman ashless cellulose powder for chromatography, standard grade. 
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tion, indicating separation from an impurity of lower specific activity. 
Chromatography on the cellulose column did not change the specific ac- 
tivity of the samples subjected to this treatment. Radioactivity was 
found in the column effluents only in the inositol peaks, and the materials 
from these peaks gave only one spot on the paper chromatograms. No 
reducing sugar was detected in any of the fractions. The purity of the 
isolated inositol, both chemical and radiochemical, would therefore seem 
to be adequately established. 

Bacteriological counts of the microorganisms in the intestines of the 
antibiotic-fed rat showed that the number had been reduced from the 
normal figure of 10° viable organisms per gm. of contents to 5.0 * 10? for 
the total small intestine and 2 X 105 for the total large intestine. Most 
of the organisms found were yeasts. 

The specific activity of the liver glycogen isolated in Experiment 3 was 
7X 10? ¢.p.m. per mg. of C. It was noted that the animal consumed no 
food during the experimental period. 


DISCUSSION 


The isolation of myo-inositol-C™ from rats which had been iniected with 
labeled glucose clearly indicates a biosynthesis. The questions to be 
decided are whether the labeled inositol which was isolated was contributed 
by the carcass or by the intestine, and, if by the carcass, whether it was 
synthesized by the rat’s tissues or by its intestinal flora. 

If labeled inositol present in the intestinal contents at the time of death 
represented any appreciable portion of the total, then the percentage of 
administered C4 converted to inositol carbon (Table II) would be higher 
in Experiment 1 than in Experiment 2 for which the intestinal contents 
were excluded. Such is not the case. The isolated, labeled inositol must 
have been derived almost entirely from the carcass. 

If this inositol had originally been synthesized by the intestinal flora, 
then reducing the number of organisms to one-ten thousandth or less of 
the normal should have reduced the incorporation of label. Actually, a 
slight increase was observed (Experiment 3). The conclusion of Daugha- 
day, Larner, and Hartnett (8) that the rat can synthesize inositol in its 
tissues is therefore substantiated and extended to the mature rat. These 
findings do not permit the conclusion that rats do not need an exogenous 
source of inositol. Only further experiments can decide whether the rat’s 
synthetic abilities match the needs of his body for this substance. 

The present work does show that the rate of synthesis of inositol by 
mature rats on an inositol-containing stock ration is rather low. Even 
after label had been maintained in the body glucose pool for 14 hours, the 
specific activity of the isolated inositol was only 3 per cent of that of the 
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liver glycogen obtained in the same experiment. It is, of course, not pos- 
sible to say whether glucose is a direct precursor of inositol or whether the 
carbon of the glucose passes to the simpler products of glycolysis and 
oxidative metabolism before incorporation. 

The improved method for the isolation of total carcass inositol reported 
here greatly facilitated the tracer work. It is considerably more simple 
and rapid than the older precipitation procedures. 


SUMMARY 


1. An improved method for the isolation of the total inositol of animal 
tissues has been developed. 

2. myo-Inositol-C™ has been obtained from the carcasses of rats which 
had received injections of glucose-1-C"™. 

3. It has been shown that the biosynthesis indicated by this finding is 
carried out by the rat’s own tissues. 


The authors wish to thank Mr. Rokuro Takeda for assistance with 
some of the chromatograms. 
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p-Alanine occurs to the extent of 1 to 2 per cent of the dry cells of various 
lactic acid bacteria (1). Its presence is not incidental, but is a prerequisite 
for growth, since in the absence of vitamin Be, which participates in its syn- 
thesis (1, 2), p-alanine must be supplied preformed to permit growth of 
several lactic acid bacteria (1, 3). 

This study was initiated in an effort to find out how p-alanine occurs in 
the cells and what function it performs. Results cited below demonstrate 
that it is an important component of the cell wall, in which it occurs in high 
concentration, bound in insoluble form apparently by peptide linkages. 
Chemically unidentified derivatives of p-alanine occur in the hot trichloro- 
acetic acid extract of the cells, but only small amounts of this amino acid are 
present in the intracellular protein fraction. 


EXPERIMENTAL 


Determination of D-Alanine—p-Alanine was converted quantitatively to 
pyruvic acid by the action of kidney p-amino acid oxidase, and the keto 
acid was determined colorimetrically as its 2 ,4-dinitrophenylhydrazone by 
procedures previously described (4-6). Whenever the point was critical, 
the identity of the 2,4-dinitrophenylhydrazones was checked chromato- 
graphically (5, 6). 

In some analyses, a microbiological procedure similar to that described 
by Holden and Snell (1) was employed with Lactobacillus delbrueckii 730 as 
the test organism. This organism specifically requires pb-alanine when 
pyridoxal phosphate and pyridoxamine phosphate are omitted from the 
medium (7, 8); in the absence of vitamin Bs phosphates, the growth re- 
sponse elicited by samples is a measure of their p-alanine content. Tech- 
niques for use of this organism have been described (8, 9); the basal medium 
used for the assay contained, per 100 ml. of double strength medium, the 
following: acid-hydrolyzed casein (vitamin Be-free (10)), 0.5 gm.; partially 
hydrolyzed casein,! 0.5 gm.; pL-tryptophan, 0.04 gm.; L-cystine, 0.02 gm.; 
L-histidine hydrochloride, 0.25 gm.; glucose, 2.0 gm.; sodium acetate, 2.0 


150 gm. of Labco vitamin-free casein were autoclaved at 120° with 1 Nn HCl for 4 
hours, then treated with carbon as described elsewhere to remove traces of vita- 
min Bg. 
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gm.; and 0.1 gm. each; MgSO,-7H.O, 0.16 
MnSO,-H20, FeSO,-7H2O, and NaCl, 4.0 mg. each; CaCl, 1.0 mg.; 
adenine sulfate, guanine hydrochloride, uracil, and sodium oleate, 2.0 mg. 
each; thymidine, 0.8 mg.; Tween 40, 200 mg.; ascorbic acid, 60 mg.; calcium 
pantothenate, nicotinic acid, and riboflavin, 80 y each; thiamine chloride 
and p-aminobenzoic acid, 40 y each; folic acid, 2.0 y; and biotin, 0.4 y, 
Samples for assay were hydrolyzed at 120° in 25 times their weight of hydro- 
chloric acid (3 N) for 15 to 18 hours. This released free p-alanine from its 
combined forms and quantitatively destroyed traces of pyridoxamine phos- 
phate and pyridoxal phosphate. Quantitative recoveries of p-alanine add- 
ed to casein were obtained by this procedure; no racemization was ob- 
served. The incubation temperature was 37° for 18 hours. 

Total alanine (p- plus L-) was determined microbiologically with Leuconos- 
toc citrovorum (11). 

p-Alanine-1-C'%—This was prepared on a semimicro scale from 
nine-1-C™ (Tracerlab, 0.01 me. per mg.) through the N-acetyl derivative? 
and the use of acylase I, essentially by a combination of the method of 
Greenstein and coworkers (12) with that of Baker and Sober (13).  Fol- 
lowing separation and hydrolysis of the residual acetyl-p-alanine, a 9-fold 
excess of unlabeled p-alanine (Nutritional Biochemicals) was added and 
crystallized from the hydrolysate. The product migrated on paper as a 
single spot; quantitative determinations of residual radioactivity in the 
amino acid fraction following treatment with p-amino acid oxidase showed 
the final product to contain not more than 1.1 per cent of L-alanine. 

Other Analytical Procedures—Determinations of radioactivity were made 
by drying small aliquots of uniformly suspended or dissolved materials 
directly on the planchets and counting. The samples were sufficiently 
small (less than 1 mg. per sq. cm.) to make corrections for self-absorption 
negligible. Ninhydrin analyses were performed by the procedure of Moore 
and Stein (14). Nitrogen in cell fractions was determined by the micro- 
Kjeldahl method described by Markham (15). 


Results 


Uptake of p-Alanine-1-C™ by Lactic Acid Bacteria—The comparative ef- 
fects of p-alanine or of p-alanine plus pyridoxal on growth and on uptake of 


2 pL-Alanine-1-C'! was acetylated by placing 50 mg. (0.5 mc.) in a small jacketed 
test-tube fitted with an 18/7 standard socket. Acetic acid (0.6 ml.) was added, a 
ball stopper clamped on, steam passed through the jacket, and the apparatus shaken 
gently until the alanine was nearly all dissolved. Acetic anhydride (99.7 per cent, 
0.125 ml.) was added, and the treatment with steam and shaking were continued for 
5 minutes. The tube was cooled, most of the solvent was removed under vacuum, 
then 0.5 ml. of water was added, and the mixture allowed to stand for about 20 hours. 
Upon concentration to dryness in vacuo, crystals of acetyl-pL-alanine were obtained. 
Titration with standard lithium hydroxide indicated a 100 per cent yield. 
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p-alanine-C™ were determined in parallel for four different lactic acid bac- 
teria in three somewhat different media. The results (Table 1) showed 
significant uptakes, varying from 0.5 to 4.0 per cent of the cell weight, in all 
With three of the four organisms, addition of pyridoxal (which per- 


cases 
TABLE I 
Uptake of p-Alanine-1-C'4 by Lactic Acid Bacteria 
Supplement to cells, e-p.m. Per 
Cell p-Alanine-1- 
Pyri- p-Ala- ml. Un- cells 
per 6 ml. per 6 mi. lated) 
Lactobacillus arabinosus A 0 0 0.31 
17-5 (8014) 1) 600 0.76 3860 | 3290 31 
0.1 600 1.3 3150 | 3300 31 
Lactobacillus casei (7469) B 0 0 0.15 : 
0 200 0.36 4150 | 4310 40.7 
0.1 200 0.54 2480 | 2530 23.8 
Streptococcus faecalis C 0 0 | 0.24 
Dunn 0 200 0.37 1520 1180 10.6 
0.1 200 0.52 1350 530 5.0 
Streptococcus faecalis R A 0 0 0.03 
(8043 ) 0 500 0.67 3200 | 3370 31.8 
0.1 500 0.67 2060 | 2400 22.6 


* Catalogue numbers of the American Type Culture Collection in parentheses. 

t Vitamin Bs was omitted from all media. Medium A is that of Lascelles and 
Woods (16) in which pL-alanine was omitted and folic acid increased 100-fold; Me- 
dium B, that of Henderson and Snell (17) with amino acids (tryptophan and cystine 
excepted) replaced by 0.25 per cent acid-hydrolyzed casein plus 0.05 per cent tryp- 
sin-digested casein; Medium C, that of Rabinowitz and Snell (18) supplemented 
with adenine, guanine, uracil, and sodium acetate as in Medium B (17). 

t Determined turbidimetrically by comparison with a previously constructed 
reference curve. 

§ Calculated from the experimentally found count for the pv-alanine-C'™ used, 
106 ¢.p.m. per y. 

| Caleulated by subtracting the residual count in the centrifuged medium from 
the total count of cells plus medium before centrifuging. 


| { Cells washed three times by suspension in distilled water or 0.9 per cent sodium 


chloride solution. 


mits increased intracellular synthesis of p-alanine) decreased but did not 
eliminate uptake of the preformed amino acid. With only one organism, 
S. faecalis Dunn, were significant amounts of radioactivity removed from 
the cells by washing. 

Metabolic Disposition of p-Alanine by Lactic Acid Bacteria—Each of the 
lots of washed radioactive cells listed in Table I was hydrolyzed in sealed 


gm.: | 
mg.; 

mg. 
‘jum 
ride 
Ay. 
dro- 

lits | 
hos- 

ob- 
nNOs- 
ala- 
ive? 

of 
Fol- 
fold 
and 
iS a 

the 
ade 
lals 
itly 
ion 
ore 
TO- 
ef- 
of 
ted 

a 
cen 
nt, 
for 
m, 
rs. 

d. 


806 D-ALANINE IN LACTIC ACID BACTERIA 


tubes with 6 Nn HCl at 105° for 12 hours. After evaporation to dryness in 
the vacuum desiccator, each hydrolysate was dissolved in a minimum of 
water, and an amount corresponding to 500 to 1000 c.p.m. was transferred 
to the origin of two-dimensional paper chromatograms. These were de- 
veloped by the ascending technique with sec-butanol-formic acid-water 
(70:10:20) as the first solvent and phenol-water-ammonia (80 :20:0.3) as 
the second. These solvents separate alanine well from other amino acids, 
Radioautograms were prepared by holding the chromatograms in contact 
with Ilford x-ray film for 3 weeks before development. Each of the eight 
resulting radioautograms showed only a single dense zone, corresponding 
exactly in position to alanine. The exposure was such that, if considerably 
less than 5 per cent of the radioactivity of the alanine spot were present in 
any other position, it would have been readily detectable. The v-alanine 
taken up by cells of these organisms thus remains as alanine, little or none 
of it being transformed to other products. Decarboxylation of alanine 
(which would eliminate the radioactive carbon of the tracer alanine as CO,) 
has not been detected in this or other organisms. Since the alanine race- 
mase is active in cells grown with vitamin Beg (2), a portion of the p-alanine 
absorbed by such cells would appear as L-alanine. This conversion would 
be minimized in cells grown in the absence of the vitamin (where little or no 
racemase has been detected by tests in vitro (2)). 

Distribution of p-Alanine in Soluble and Insoluble Fractions of Cell—Cells 
of S. faecalis R grown with p-alanine-1-C“ and non-radioactive cells of 
L. arabinosus cultured in vitamin Be-low media, essentially as described in 
Table I, were harvested, washed, and lyophilized. They were then ex- 
tracted with water or trichloroacetic acid (TCA) under various conditions 
specified in Table II. Small amounts of p-alanine are extracted by hot 
water or by cold TCA; the bulk of this amino acid, however, was found in 
the hot TCA extract and in the insoluble residue, the latter fraction contain- 
ing in both cases somewhat more than the former (Table II). Separate ex- 
periments showed no p-alanine in the lipide components of the cells. 

That the bulk of the radioactive alanine present in S. faecalis R was b- 
alanine was confirmed by hydrolyzing a portion of the whole cells, the hot 
TCA extract, and the insoluble residue, treating the hydrolysates with p- 
amino acid oxidase, and determining residual C" in the amino acid fraction. 
Such treatment removed 87, 97, and 85 per cent of the radioactivity, re- 
spectively, from the three hydrolysates. Since all of the p-alanine absorbed 
by the cells remains as alanine (see the preceding section), the 15 per cent or 
so of C™“ remaining in cell hydrolysates after oxidase treatment and removal 
of keto acids must be L-alanine, formed from p-alanine through action of the 
alanine racemase. 

Mode of Combination of p-Alanine in Insoluble Residue—The TCA-in- 
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soluble radioactive residue from S. faecalis R was mixed with the same frac- 
tion obtained from cells grown on a crude medium. No C" was lost from 
50 mg. aliquots of this TCA-insoluble residue upon (a) washing the residue 
consecutively with cold TCA, hot TCA, and aleohol-ether as in the original 
fractionation; (b) dissolving the residue in 5 ml. of 0.25 n NaOH, allowing 
the solution to stand 10 minutes, then precipitating the material with TCA 


TABLE II 


Distribution of p-Alanine in Soluble and Insoluble Fractions of Lyophilized 
Cells of S. faecalis R and L. arabinosus 


S. faecalis R L. arabinosus 
Fraction* Per cent of . 
P f |e -Ala Per cent of 
Com. “total cell infraction, total 
ivity fraction |™8- Per gm. p-alanine 
388,000 | 100 100 12 100 
Hot water extract................ 12-16 4 4-5 
Cold TCA 34,500 0.9 
Hot TCA extract.................| 148,000 38 30-60 4 10-20 
Insoluble residue................. 164 , 000 47-83 12 36-64 


* §. faecalis (70 mg., dry cells) was suspended in 7 per cent (weight per volume) 
TCA and, after 10 minutes at room temperature, centrifuged. The cold TCA ex- 
tract was removed and the cell residue extracted twice with 10 ml. of 5 per cent 
TCA for 15 minutes at 90°. The hot TCA extracts were combined, and the residue 
was extracted three times by refluxing it briefly with 3:1 ethanol-ether. This lipide 
extract contained negligible radioactivity; the residue was air-dried and suspended 
uniformly in water for counting. It comprised approximately 40 per cent of the 
whole dried cells. LL. arabinosus (10 gm. of dried cells) was extracted with 200 ml. 
of water on the steam bath for 30 minutes, cooled, and centrifuged. The residue 
was extracted with 200 ml. of 5 per cent TCA at 90° for 15 minutes; the insoluble 
residue was washed with ethanol, then acetone, and dried. TCA was removed from 
all fractions by ether extraction. 

t By microbiological assay following acid hydrolysis; see the text. 


and treating it as in (a); (c) dissolving the residue in 2 ml. of 98 per cent 
formic acid, adding 0.4 ml. of 30 per cent hydrogen peroxide, allowing the 
mixture to stand for 30 minutes, and, after dilution with water, precipitating 
the material with TCA and treating it asin (a). The p-alanine in this frac- 
tion obviously is firmly bound and differs in its mode of combination from 
that extracted from the cells by trichloroacetic acid. 

Samples of the insoluble residue were heated with 3 N HCl at 115° and 
examined at various times for the liberation of free amino groups and of 
D-alanine. Since the rates of liberation were similar (Table III), the p- 
alanine would appear to be combined in the proteins of this fraction. 
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A portion of the insoluble residue was treated with dinitrofluorobenzene 
as described by Sanger (19). The insoluble yellow material obtained was 
centrifuged, washed with water and ether, and hydrolyzed with 6 N HCI for 
7 hours. Most of the HCl was then removed by vacuum distillation, and 
the dinitropheny! amino acids were extracted into ether. The extract con- 
tained negligible radioactivity. The p-alanine does not, therefore, occupy 
an N-terminal position in the chains that contain it. 

Occurrence of v-Alanine in Cell Walls—Salton and Horne (20) have de- 
scribed preparation of cell walls of S. faecalis and have found that the ma- 
terial is high in alanine (21). Wall material must comprise a significant 


II] 


Comparative Rates of Liberation by Acid Hydrolysis of p-Alanine and 
Amino Groups from TCA-Insoluble Fraction of S. faecalis R 


— 


Per cent of maximal liberation 


Time of hydrolysis* | 


p-Alaninet | Ninhydrin-reactive amino groups{ 
hrs | 

0.33 | 34 | 40 
0.67 | 44 | 16 
1.0 | 46 | 47 
4.0 | 64 | 56 
12 | 100 | 89 
16 | 100 | 100 


| 


* Hydrolysis with 3 x HCI at 115°. 
t+ By p-amino acid oxidase assay. 
t Corrected for the color (11 per cent of the final value) given by the unhydro- 


lyzed material. 


fraction of the TCA-insoluble residues described above, and it was of in- 
terest, therefore, to separate such material from intracellular protein and 
other cell constituents and examine the fractions individually for the pres- 
ence of p-alanine. 

Freshly harvested cells of S. faecalis Dunn and L. caset, grown with b- 
alanine-1-C" as described in Table I, were broken by being shaken in heavy 
aqueous suspensions with Ballotini beads* in the Mickle shaker. When 
examination under the phase microscope showed that essentially only ghost 
cells (walls) remained, the cell wall material was isolated by differential 
centrifugation and washed repeatedly with saline solution and water (20). 


3 Ballotini beads; trade name for small smooth glass beads obtained from Messrs. 
Chance Bros., Ltd., Smethwick, England. These are similar to the pavement mark- 
ing beads (glow beads) produced by the Minnesota Mining and Manufacturing Com- 
pany, St. Paul, Minnesota. 
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Micrvuscopic examination of the washed suspension revealed only walls, with 
practically no débris. The appearance of wall material of S. faecalis has 
been described (20); a field containing a wall of L. casei is shown in Fig. 1. 

The radioactivity of the cell wall fraction is compared with that of the 


Fic. 1. L. caset wall, shadowed with gold-palladium alloy. Direct magnification 
20,000 X ; print magnification 35,000 x. 


TaBLe IV 
Radioactivity and p-Alanine Content of Cell Walls of L. casei and S. faecalis 
Dunn 
Cell walls 
_¢.p.m. per mg. p-Alanine-C™4 p-Alanine 
C.p.m. permg. | equivalent, | found,* 
 ypermg. per mg. 
S. faecalis Dunn............... | 400 | 960 i Se 42 
| 1800 | 4580 43.2 | 47 


* By p-amino acid oxidase assay. 

t A radioactive cell preparation (64 mg., 915 ¢.p.m. per mg.) was diluted with 82 
mg. of non-radioactive cells. The p-alanine-C' equivalent was therefore corrected 
by multiplving by the factor 146/64. 


parent cells in Table IV. For both organisms, the specific activity of the 
walls was over twice that of the whole cell, thus demonstrating a pronounced 
localization of p-alanine in the wall material. Total p-alanine by p-amino 
acid oxidase assay following acid hydrolysis surpassed that calculated from 
the radioactivity of the cells, as might be expected from the presence of 
alanine racemase in the cells and of L-alanine in the medium. That p- 
amino acids other than alanine were not contributing to the analytical figure 
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for p-alanine was shown by chromatography of a sample of the 2 ,4-dim- 
trophenylhydrazones of the keto acids formed. Only zones corresponding 


exactly with the two given by pyruvic acid (6) were present. 


An independently prepared lot of cell wall material from each organism 
was analyzed for total N, p-alanine, and p- plus L-alanine (Table V). The 


high p-alanine content was confirmed; L-alanine also is present in the walls 
of both organisms in large amounts. The two forms of alanine, indeed, 
comprise a major fraction of the total nitrogen of the cell wall. Salton has 
previously shown that the walls of gram-positive bacteria contain fewer 
amino acids than do the whole cells (21). In confirmation of his results, 
two-dimensional chromatograms of hydrolysates of wall material from S. 


TABLE V 


Nitrogen, p-Alanine, and Total Alanine Content of Cell Walls of L. casei 
and S. faecalis Dunn 


Cell walls from 

L. casei S. faecalis Dunn 

Lot 1 Lot 2 Lot 1 Lot 2 

of total N due to p-alanine.............. 13.4 
* © p- end t-alenine....... 22.2 | 42.0 


* By p-amino acid oxidase method. 
t By assay with ZL. citrovorum. 


faecalis revealed only ten ninhydrin-reactive zones,‘ due to alanine, aspartic 
acid, glutamic acid, glycine, leucine (or leucines), lysine, serine, threonine, 
valine, and hexosamine. Of these, the zone due to alanine was most in- 
tense, followed by those due to glutamic acid, lysine, and hexosamine; 
others were considerably less intense. Chromatograms of hydrolyzed L. 
casei wall material showed these same zones (that due to lysine was consid- 
erably less prominent than in S. faecalis) plus an intense zone at the origin 
due to diaminopimelic acid. This amino acid has been noted previously in 
the cell walls of Bacillus subtilis, Escherichia coli, and Salmonella pullorum 
(21) and has recently been isolated from hydrolysates of the TCA-insoluble 
fraction of L. arabinosus (22). It has not been detected in streptococci (21, 
23). 

Possible Occurrence of b-Alanine in Intracellular Protein—An attempt to 


4 An eleventh faint, unidentified zone, possibly corresponding to Salton’s X (21), 
occurred slightly above valine. 
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determine whether all of the p-alanine of the TCA-insoluble residue was 
present in the cell wall, or whether this amino acid also occurred in intracel- 
lular protein, was made in two ways. Cells of S. faecalis R grown with 
p-alanine-C"™ in the absence of vitamin Bg were partially broken by being 
shaken in the Mickle shaker, as in the preparation of cell walls. The time 
of shaking was reduced to avoid fragmentation of walls, and most of the 
cells remained unbroken. Cell walls, unbroken cells, and other insoluble 
particles were then removed by high speed centrifugation (20,000 x g) for 
1 hour in the cold room. The clear supernatant solution (b, Table VI) was 
separated into two portions. One of these was heated to 100° for 5 minutes; 
the coagulated protein (c) was separated from the soluble materials (d), 
washed with water, and hydrolyzed with acid to permit uniform aliquots to 


TABLE VI 


Alanine-C'™ Content of Intracellular Fractions of S. faecalis R Grown with 
pb-Alanine-1-C 


| p-Alanine- 
Fraction | | 
per mg. N 
7.20 130,240 | 18,100 26.1 
(b) Supernatant solution from broken cells.) 1.11 15,730 14,150 | 20.4 
(c) Heat-coagulable proteins of (6)........., 0.510 SSO 1,730 2.50 
(d) Soluble materials from heat coagulation 
(e) Cold TCA-insoluble fraction of 0.670 1,760 2,620 3.78 
(ff) “ TCA-soluble fraction of (b)........ 0.500 13,100 23,200 33.5 


* Calculated as in Table I. 


be obtained for analysis. To the remaining portion of the supernatant so- 
lution, TCA was added to a concentration of 5 per cent, the mixture was 
allowed to stand 15 minutes, and the insoluble materials (e), which include 
the cell proteins, were separated from the soluble materials (f) and washed. 
Analytical results (Table VI) show that the specific activity of the heat- 
coagulable proteins and of the cold TCA-insoluble fraction is far less than 
that of the whole cell or of the soluble fractions obtained in their prepara- 
tion. Since small amounts of b-alanine-C"™ are converted to L-alanine-C™ 
within the cells, the data do not establish with certainty whether any p- 
alanine occurs in intracellular protein; the maximal amount present, how- 
ever, would appear to be no more than 0.25 per cent, or less than one-fifth 
the concentration in the whole cell, and less than one-fifteenth of that pres- 
ent in the cell wall. The soluble fractions (d and f) appear to contain those 
radioactive substances extracted from intact cells by TCA. 

In a second experiment, a washed suspension of L. casei was disrupted by 
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exposure for 20 minutes to ultrasonic oscillation from a20 ke. Mullard gener. | 
ator. Microscopic examination showed over 90 per cent of the cells broken | 
at this time. Insoluble materials were centrifuged at high speed, and the | 
clear supernatant solution was separated into fractions soluble in cold 5 per } 
cent TCA, hot TCA (90°, 10 minutes), and TCA-insoluble. After removal] | 
of TCA with ether, aliquots were hydrolyzed and analyzed for p-alanine. 
The results (Table VII) again show substantial enrichment of p-alanine in 
the insoluble formed elements (principally cell wall material (24)) and in the 
hot TCA extract of the soluble cell constituents, while the p-alanine content 
of the hot TCA-insoluble fraction, although significant, is lower than that 
of the whole cell. Again, any conclusion concerning the p-alanine content 
of intracellular protein is made uncertain by the possibility that cell wall 


TABLE VII 


p-Alantne Content of Soluble and Insoluble Components of L. casei 


| Percent of N 
Fraction Total N, mg. mag. 
(a) Insoluble residue from ultrasonic dis- 5.2 | 4.7 | 14.2 
integration | | 
(b) Soluble fraction following ultrasonic | 
disintegration | | 
Cold TCA-soluble | 0.57 0.0383 | 0.91 
Hot TCA-soluble 0.65 0.21 | 5.1 


“ TCA-insoluble 5.9 | 0.46 | 1.2 


* By p-amino acid oxidase assay following acid hydrolysis of fraction. 


material may be rendered partially soluble by ultrasonic oscillation or by 
enzymic action during this process. Alternatively, there may have been 
incomplete extraction of p-alanine-containing non-protein materials by hot 
TCA. It can be concluded, however, that the p-alanine content of intra- 
cellular proteins of both L. caset and S. faecalis is much lower than that of 
the whole cell and very much lower than that of the cell wall. 

Nature of p-Alanine in Hot TCA Extract—The hot TCA extract from 
radioactive cells of S. faecalis was freed of TCA by ether extraction, and a 
sample with and without added p-alanine-C" was applied to paper alongside 
p-alanine-C™ alone. After being developed with sec-butanol-formic acid- 
water, a radioautogram was prepared as described earlier. A diagram of 
the result is given in Fig. 2. The extract apparently contains a small 
amount of free p-alanine; the bulk of this amino acid, however, is present in 
an unidentified complex which is immobile in this solvent and also in 80 per 
cent phenol. This derivative is hydrolyzed to alanine by both acids and 
alkalies, but is especially labile to alkaline hydrolysis (it is partially hydro- 
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lyzed when phenol-water-ammonia is the developing solvent). Following 
acid hydrolysis, all of the radioactivity migrated with alanine (Fig. 2), and 
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Fic. 2. Sketch of radioautogram of hot TCA extract from S. faecalis R grown 
with p-alanine-1-C'*. A, p-alanine-1-C'4; B, p-alanine-1-C'™ plus TCA extract; C, 
TCA extract alone; D, acid-hydrolyzed TCA extract. Intensity of zone indicated 
by closeness of cross-hatching. 


VIII 


Comparative Activities of Compounds Related to p-Alanine in Promoting 
Growth of L. delbrueckii 


Compound* Activity | Compound* | Activity 
p-Alanine 200 | pu-Alanylglycine | 0.7 
pi-Alanine 100 pu-Alanyl-pL-methionine —.2.0 
pL-a-Aminobutyric acid | pL-Alanyl-pL-asparagine 
p-a-Aminobutyrie acid | 7.0 Glyeyl-pL-alanine 0.2 
L-a-Aminobutyrie “ N-Acetyl-p.-alanine 0.05 
pL-Alaninamide 2.0 N-Benzoy]-pL-alanine 0 


*p- and L-a-aminobutyric acids were kindly furnished by Dr. J. P. Greenstein 
of the National Cancer Institute. Other related amino acids that proved wholly 
inactive were B-alanine, B-aminobutyric acid, y-aminobutyrie acid, DL-a-methyl-s- 
aminopropionic acid, pDL-a,y-diaminobutyrie acid, and a@-aminoisobutyric acid. 
Each of the amino acids from protein hydrolysates is included in the basal medium 
and is inactive. 


97 per cent of the radioactivity present was transferred to the keto acid 
fraction by treatment with p-amino acid oxidase. 

Replacement of p-Alanine by D-a-Amino-n-butyric Acid—The specificity 
of the growth response to p-alanine of L. delbrueckii was examined briefly. 
Several derivatives of p-alanine showed low activity in promoting growth 
(Table VIII). Their activities were slight compared to that of the free 
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amino acid and can be ascribed either to contamination with this amino 
acid or to partial hydrolysis during growth. Surprisingly, however, DL-a- 
aminobutyric acid showed significant activity, and all of this proved to re- 
side in the p isomer. 

D-a-Aminobutyric acid also proved capable of replacing p-alanine for 
growth of S. faecalis R. To determine whether it did so by actually re 
placing b-alanine as a component of the cell, separate lots of this organism 
were grown in parallel with vitamin Bes, pL-alanine, or pL-a-aminobutyric 
acid as supplement to Medium C of Table I. Cells were harvested by cen- 
trifugation, washed, lyophilized, and hydrolyzed with acid for analysis, 
Cell yields and analytical results (Table IX) show that p-alanine, although 
present in usual amounts in cells grown with vitamin Beg or pL-alanine, is 


TABLE IX 


Yield and Alanine Content of Cells of S. faecalis R Grown with and without 
a-Amino-n-butyric Acid 


M Incubation Yield of p-Alanine | lani 
Supplement | time, hrs. | cells, gm. | content,” | 
at 37° | perliter | percent | 
| 

| 
200 24 0.52 1.2 | 4.5 
pL-a-Aminobutyrie acid. 500 | 28 | 0.17  #£20.0 | 3.2 


* By microbiological assay with L. delbrueckii. Since v-a-aminobutyrie acid is 
only 3.5 per cent as active as p-alanine, its presence even in equivalent amounts 
would not interfere appreciably in the assay (see also Table XN). 

t By microbiological assay with ZL. e¢trovorum (11). 


absent from cells grown with pi-a-aminobutyric acid. Total alanine also is 
reduced in these cells by an amount corresponding approximately to the 
missing b-alanine. 

Hydrolysates of these same organisms were concentrated to small volume, 
applied to a Dowex 50 column, and the amino acids eluted with hydrochlo- 
ric acid as described by Stein and Moore (25). Alanine and glycine were 
collected together, and the alanine in the fraction was determined micro- 
biologically. a@-Aminobutyric acid was well separated from other amino 
acids, and its total concentration was determined directly with ninhydrin. 
The results (Table X) confirm those of direct microbiological assay in show- 
ing absence of pD-alanine from cells grown with a-aminobutyric acid in the 
absence of vitamin Be, and also reveal the presence of b-a-aminobutyric 
acid in these cells, but not in cells grown with vitamin Bg or p-alanine. It 
is thus clear that neither L- nor p-a-aminobutyric acid is a normal compo- 
nent of these cells, and that the latter replaces p-alanine for growth by vir- 
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tue of its ability to replace this amino acid as an essential component of the 
eell. Under these conditions, the amount of p-a-aminobutyric acid found 
is considerably less than the amount of p-alanine normally present. 
Whether this represents a lowered frequency of occurrence of aminobutyric 
acid residues (as opposed to that normally found for p-alanine) along the 
chain of the macromolecule in which it occurs, or results from a more fragile 
cell wall or from lowered accumulation of the TCA-soluble derivative cor- 
responding to that of p-alanine is not known. The latter postulates appear 
more likely. 


TABLE X 
Alanine and a-Aminobutyric Acid Content of Hydrolysates of S. faecalis R 
Alanine, per cent a-Aminobutyric acid, 
Supplement to growth Fraction from Dowex column 9 wien 
medium 
D- | Total D- Total 
Pyridoxamine Alanine-glycine 
a-Aminobutyrie acid | 0 
pi-Alanine Alanine-glycine 1.1 | 4.5 
a-Aminobutyrie acid | 0 
pL-a-Aminobutyric Alanine-glycine 0.0 | 3.3 
acid a-Aminobutyric acid* 0.0 0.0 


* This fraction shows only a-aminobutyrie acid on paper chromatography. The 
valine-ammonia fraction which follows this fraction from the column shows only a 
trace of a-aminobutyric acid. 

t Determined with b-amino acid oxidase. As a control, 2 umoles of pL-a@-amino- 
butyric acid gave 0.97 umole of a-ketobutyrie acid. 

t By the photometric ninhydrin method, with a-aminobutyrie acid as the stand- 
ard. 


All of the a-aminobutyric acid found in cells of organisms grown with the 
pL compound is not of the p configuration (Table X); hence it would appear 
that some L-a-aminobutyric acid is accumulated by the cells, possibly re- 
placing a portion of some other amino acid such as L-alanine. 


DISCUSSION 


The finding that most of the firmly bound p-alanine of lactic acid bacteria 
is present in the cell wall recalls previous demonstrations of p-glutamic acid 
in the capsular material of organisms such as Bacillus anthracis and B. sub- 
tilis (26). The presence of p-glutamic acid in certain lactic acid bacteria 
has been reported (27). In the present study, no keto acid other than 
pyruvic acid could be detected in cell wall hydrolysates treated with p- 
amino acid oxidase; however, D-glutamic acid and p-lysine are not attacked 
by most preparations of this enzyme (28), and, since both glutamic acid and 
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lysine occur in the cell wall in substantial amounts, further work will be} 
required to determine whether a portion of these amino acids is in the» 


form. 


The nature of the p-alanine-containing materials present in the hot TCA | 
extract of the cells deserves further investigation in view of the possibility | 
that it may represent an intermediate in the synthesis of the cell wall pro. | 
tein. Park (29) has noted the accumulation of amino acid-containing nv- | 


cleotides in penicillin-treated staphylococci, one of which contains b-alanine, 
and fumaryl]-pL-alanine has been isolated from Penicillium resticulosum 
(30). Whether there is any relationship between these compounds and 
those present in lactic acid bacteria is not known. These reports, together 
with that showing the occurrence of b-alanine in the milkweed bug, Onco- 
peltus fasciatus (31), indicate that this amino acid has a rather wide-spread 
occurrence. The demonstration that it is an essential metabolite in lactic 
acid bacteria (1, 3) may indicate that it is of more than incidental impor. 
tance in other forms of life as well. 


SUMMARY 


An investigation of the metabolism of p-alanine by Lactobacillus arabino- 
sus, Lactobacillus casei, and two strains of Streptococcus faecalis was con- 
ducted. Each of these cultures absorbed p-alanine-1-C™ from culture 
media; absorption is decreased but not eliminated by addition of vitamin 
Be, which permits intracellular synthesis of the amino acid. In acid hy- 
drolysates of such cells, alanine was the only radioactive compound de- 
tected, and the greater part of this (especially in vitamin Be-deficient cul- 
tures) is p-alanine. 

p-Alanine occurs in lactic acid bacteria in two distinet forms. Up to 40 
per cent of the total (in S. faecalis) occurs as one or more unidentified de- 
rivatives that are extracted from the cells by hot trichloroacetic acid and 
that remain in solution when broken cell preparations are heated and the 
insoluble materials removed. The remaining p-alanine is firmly bound in 
the insoluble portions of the cell from which it is liberated by acid hydroly- 
sis at a rate similar to that of ninhydrin-reactive amino groups. The D- 
alanine is thus firmly bound in protein-like material. 

These insoluble portions of the cell are composed chiefly of intracellular 
protein and the cell wall material. Microscopically homogeneous prepa- 
rations of cell walls of S. faecalis and L. caset were much richer in p-alanine 
than the whole cell; correspondingly, the intracellular protein fraction was 
much lower in p-alanine than the whole cell. Experimental difficulties 
prevented a conclusive demonstration of the presence or absence of p-ala- 
nine in such intracellular protein. The p-alanine nitrogen of the cell wall 
comprises up to 14 per cent of the total nitrogen; such preparations are also 
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Will be | rich in L-alanine, and hence alanine residues must occur with high frequency 


the 


in the proteins of the cell wall. Only pyruvate was formed upon treat ment 
of cell wall hydrolysates with p-amino acid oxidase; accordingly, of the 
amino acids attacked by this enzyme, only p-alanine is present. Glutamic 
acid and lysine are present in substantial amounts in such wall preparations; 
their configuration is not known, since their p isomers are not attacked by 
p-amino acid oxidase. | 

p-a-Amino-n-butyric acid replaces p-alanine as an essential nutrient for 
several vitamin Be-deficient lactic acid bacteria, including Lactobacillus 
delbrueckii and S. faecalis. Cells of S. faecalis normally contain no a- 
aminobutyric acid. However, when grown with p-a-aminobutyric acid in 
place of p-alanine, they contained no p-alanine but b-a-aminobutyric acid 
in its stead, thus demonstrating the functional replacement of the one com- 
pound by the other. The inefficiency of p-a-aminobutyric acid in this réle 
is reflected both in its decreased growth-promoting activity (as compared to 
p-alanine) and in its failure to replace p-alanine mole for mole in the bac- 
terial cell. 


One of us (E. E. 8.) wishes to thank Dr. E. F. Gale and the entire staff of 
the Medical Research Council’s Unit for Chemical Microbiology for their 
hospitality, interest, and help during his tenure of a fellowship from the 
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debted to Dr. M. R. J. Salton for suggestions relative to the preparation of 
cell walls, and to Mr. R. W. Horne of the Electron Microscopy Group of the 
Cavendish Laboratory for the electron micrograph. 
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THE FORMATION OF CHOLINE AND BETAINE IN LEAF 
DISKS OF BETA VULGARIS* 
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The development of methods for the separation by chromatography (1-3) 
of quaternary nitrogenous compounds of higher plants has made possible 
the investigation of the metabolic origin of these compounds and the test- 
ing of various compounds as possible precursors of choline and betaine. 

There is increasing evidence that, in animal tissues, betaine is not de- 
rived directly by the methylation of glycine, but rather that this compound 
is formed from choline by the action of choline oxidase (4). The apparent 
inability of the rat to form labeled choline from carboxyl-labeled glycine, 
whereas both a-labeled glycine and 6-labeled serine yield choline which is 
labeled in the 2-carbon moiety (5), supports the view that this latter com- 
pound is formed via aminoethanol (6, 7). 

In the present study, leaf sections of Beta vulgaris were infiltrated with 
C-labeled acetate, formate, glycine, or bicarbonate. Tissues were in- 
cubated for varying periods of time and then homogenized and extracted, 
and the extracts were fractionated by a combined Reinecke fractionation 
and paper chromatographic technique described in an earlier paper (3). 
Choline, betaine, and the products of their partial degradation were then 
assayed for radioactivity. 


Materials and Methods 


Incubation—1 to 2 month-old beet plants were harvested and disks 2 cm. 
in diameter excised from the leaves with a cork-borer. The radioactive 
solutions in approximately 0.005 m phosphate buffer of appropriate pH 
were introduced into the leaf disks by vacuum infiltration, and the excess 
solution was poured off. The infiltrated leaf disks were transferred to a 
large, glass-covered crystallizing dish and allowed to metabolize under 
specified conditions. At the end of the incubation period, the leaf material 
was ground in the Waring blendor with sufficient alcohol to give a final 
concentration of 70 per cent. 


* This investigation was supported in part by a contract with the United States 
Atomic Energy Commission. 

t Postdoctoral Research Fellow, National Institutes of Health, United States 
Public Health Service, 1951-53. 
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Isolation of Radioactive Choline and Betaine—The alcoholic solutions 
were fractionated as described previously (3). The deproteinized aqueous 
solutions were subjected to a spectrophotometric assay of choline by the 
method of Appleton et al. (8) as modified by Wittenberg and Kornberg 
(9). A known amount of carrier choline was then added, and choline and 
betaine were isolated by the combined Reinecke fractionation-paper chro. 
matography method of Bregoff, Roberts, and Delwiche (3). 

The acetone solutions of choline and betaine reineckates were applied 
separately to one edge of a sheet of filter paper (Whatman No. 1) and the 
papers chromatographed in the ethanol-ammonia solvent previously de- 
scribed (3). Papers to which choline reineckate solutions had been applied 
were treated with 0.1 m AgNO; prior to chromatography. The bands 
containing choline or betaine were located by developing strips from both 
edges of the paper (3). The bands were cut out and eluted with water 
until 2 to 3 ml. of eluate were collected. The quaternary compounds 
were isolated from the eluates by renewed precipitation with Reinecke 
salt. The eluates containing betaine were brought to pH 1 before pre- 
cipitation, whereas choline reineckates were precipitated at neutral or 
alkaline pH. 

The reineckates of the quaternary compounds were purified to constant 
specific activity by repeated decomposition with AgNO; according to 
Kapfhammer and Bischoff (10) and reprecipitation with Reinecke salt. 
For decomposition the acetone solutions of the reineckates were diluted 
with an equal volume of water, and a calculated excess of 0.1 m AgNO; 
was added. The pink flocculent precipitate of silver reineckate was re- 
moved by centrifugation, washed several times with water, and the wash- 
ings were added to the supernatant solution. To the colorless supernatant 
solution excess HCl was added, and the solution was heated and filtered. 
The combined filtrate and washings were concentrated and either again 
subjected to Reinecke precipitation or retained for degradation studies 
(see below). 

Measure of Radioactivity—The acetone solutions of the purified rei- 
neckates were applied to weighed copper disks, and the acetone was evapo- 
rated on the hot-plate. The disks were reweighed, and the radioactivity 
was counted. Counts were corrected for self-absorption as determined 
for BaCO;. The data from duplicate disks agreed within +5 per cent. 

Degradation of Choline and Betaine—To the aqueous solutions contain- 
ing the pure quaternary compounds, a suitable amount of carrier was 
added. An aliquot of the solution was saved for specific activity measure- 
ments of the parent compound as described above, and the rest was sub- 
jected to the appropriate degradation procedure. 

Choline was degraded with alkaline permanganate by the method of 
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Lintzel and coworkers (11-13) with slight modifications. The trimethyl- 
amine moiety of choline is thereby isolated, and it is thus possible to de- 
termine whether the radioactivity was located in the methyl groups or in 
the ethanol moiety. Arnstein (5) has demonstrated the validity of this 
procedure. A 2 to 5 ml. aliquot of solution, containing 20 to 25 mg. of 
choline chloride, was introduced into the reaction flask of the apparatus 
(Fig. 1), 2 ml. of 6 N NaOH were added, and the reaction flask was heated 
with a micro burner. The traps were charged with 0.5 to 1 Nn HCl and 
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Fic. 1. Diagrammatic representation of apparatus for the degradation of choline 
and betaine. For details see the text. 


surrounded by ice. Approximately 9 to 10 ml. of 0.5 per cent KMnQO, 
were admitted slowly through the inlet tube, which dips below the surface 
of the reaction mixture, while moderate suction was applied to the outlet 
tube of the second trap, causing the generated trimethylamine to be swept 
into the acidic trap solutions. When all of the KMnQO, solution had been 
added, the micro burner was shut off and suction continued until the re- 
action flask had cooled. The reaction mixture was discarded, since it had 
been established that the ethanol moiety is nearly completely destroyed 
under these conditions, even in the absence of an excess of KMnQ, at any 
time. The contents of the traps were pooled and concentrated and sub- 
jected to distillation with formaldehyde according to Lintzel and Fomin 
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(12) in order to separate trimethylamine from any monomethyl- or di- 
methylamine which may have been formed during the degradation. The 
trimethylamine hydrochloride solution was placed in the reaction flask of 
the modified Lintzel-Fomin apparatus (Fig. 1) together with 20 ml. of | 
36 to 38 per cent formaldehyde. A few drops of phenolphthalein indicator : 
and 2 drops of isoamyl alcohol or a small quantity of Dow-Corning anti- | 
foam A were added to prevent foaming. 5 ml. of half saturated NaOH : 
were then admitted through the inlet tube, and the liberated trimethyl- | 
amine was swept out under suction into cooled acid traps as before. The 
aspiration was continued for 1.5 hours at room temperature. The pooled 
solution from the traps was cautiously taken to dryness to remove excess 
HCl and the residue of trimethylamine hydrochloride dissolved in 2 to 3 
ml. of water. Yields of 50 to 80 per cent of the theoretical were obtained. 0 
Further purification of the isolated trimethylamine was achieved by Rei- | 
necke salt precipitation at pH 1.2 and by washing the precipitate two to | 
three times with n-propanol. The appearance of a glistening, pink, . 
crystalline precipitate which gives a nearly colorless first n-propanol wash 
indicates the presence of pure trimethylamine reineckate. Dimethylamine 
reineckate in the precipitate gives it a darker, powdery appearance and | 
yields pronounced color to the first n-propanol wash. 0 

The acetone solution of the washed reineckate was transferred to a : 
planchet for specific activity determination as already described for choline 0 
and betaine. | 

Betaine was degraded by the method of Cotte and Kahane (14), in which | 
trimethylamine is split off from betaine by the action of saturated K.S.0s. : 
The reaction was tried under the conditions of these authors with use of | 
steam distillation to sweep out the trimethylamine formed. An attempt 
was also made to carry out the reaction at about 75°, by aspirating the ( 
products into traps as in the degradation of choline. In neither case, ( 
however, was the reaction always successful; in a few runs the amount of 
trimethylamine formed was too small to permit isolation, and in no case 
did we obtain a yield greater than 20 to 25 per cent of theory. To assure 
the highest possible yield of trimethylamine, 2 to 5 ml. of solution contain- 
ing 15 to 30 mg. of betaine hydrochloride were placed in the reaction vessel ( 
of the steam distillation apparatus (Fig. 1) together with 5 ml. of saturated 
NaOH and a drop of silicone antifoam A. Instead of the two receiving | 
traps shown in Fig. 1, a condenser was fitted with a delivery tube, the tip 
of which was below the surface of a few ml. of 2 N HCl in a single large re- 
ceiving flask. Steam was allowed to pass through the system rapidly, and 
the reaction vessel was heated sufficiently to keep the volume of the solu- 
tion small. A saturated solution of K.S.Os, freshly prepared by dissolving 
12 gm. of K.8.Os in 100 ml. of water, was then slowly added so that a total a 
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of 25 ml. was admitted in 30 minutes. About 300 ml. of distillate were 
collected during the time required for the admission of K.S.Os solution. 
We were unable to observe the color change in the reaction mixture de- 
scribed by Cotte and Kahane, which, according to these authors, indicates 
when all of the betaine is decomposed. The distillate was concentrated 
and subjected to formaldehyde distillation, and trimethylamine reineckate 
was isolated as described above. In contrast to choline, betaine yields 
appreciable amounts of dimethylamine on degradation. 


Results 


Relative Efficiency of Various Substances As Precursor for Choline and 
Betaine Formation—When a-labeled acetate was infiltrated and the leaf 
disks were allowed to metabolize for 3 to 20 hours in the dark or in the 
light at pH 6.5 and 7.5, no label appeared in either choline or betaine. 
Steam distillation of aliquots of the deproteinized extracts showed, however, 
a substantial incorporation of radioactivity into the water-soluble, non- 
volatile fraction. 

The isotopic carbon of formate, a-labeled glycine, and bicarbonate, 
however, was incorporated into choline to a significant extent. A rough 
estimate of the relative degree of incorporation of these compounds was 
made by measuring the radioactivity of choline in known aliquots of the 
deproteinized extracts and by determining the amount of the isotopic 
compound introduced from the volume of radioactive solution which re- 
mained with the leaf disks after the excess of solution had been poured off. 
The amount of solution which adhered to the outside of the leaf disks was 
probably between 10 and 20 per cent of this volume. Under such con- 
ditions we found that in a typical experiment, in which radioactive formate, 
a-labeled glycine, and bicarbonate were infiltrated into separate batches 
of leaf disks, 3, 2, and 0.1 per cent, respectively, of the isotopic carbon 
administered were incorporated into choline during 20 hours of incubation 
in the light at pH 6.8. 

In agreement with the observations of Brown and Byerrum (15), we 
found that the extent of incorporation of radioactivity from a given pre- 
cursor in any one experiment is subject to considerable variation, probably 
as a result of seasonal influences on the leaf material. 

Incorporation of Radioactivity from Formate and Glycine—The time- 
course of incorporation of radioactivity from formate into choline and be- 
taine is given in Table I. It is evident that about 40 per cent of the ac- 
tivity obtained at 20 hours for either substance is incorporated within the 
first 90 minutes of incubation. 

In this experiment the specific activity of choline remained about 10 to 
15 times as great as that of betaine throughout. Table II shows that ratios 
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of the relative specific activities as great as 25 to 30 were observed, regard. 
less of whether formate or glycine was used as the source of radioactive 
carbon. Table II also indicates that the incorporation of radioactivity 


TABLE I 


Specific Activity of Choline and Betaine from Formate-Infiltrated Leaf Disks As 
Function of Time 


Specific activity, c.p.m. per mmole 
Incubation time — 
Choline | Betaine 
hrs. | 
1.5 4.9 10° 3.7 X 10 
3 6.1 X 10 | 5.6 X 10! 
5.5 8.4 x 105 | 7.2 X 10! 
9 | 7.6 X 105 
23.5 | 1.3 10° 1.0 105 


In each case 12 gm. of leaf disks were infiltrated with approximately 2 X 105 ¢.p.m. 
of formate in 0.0004 m solution and incubated under illumination at pH 6.8 for the 
periods indicated. 


TABLE II 
Specific Activity of Choline and Betaine As Function of Substrate and Illumination 
| Substrate ISpecific activity, c.p.m. per mmole 
Compound  Cp.m. Choline Betaine 
6 Light | Formate-C',4 10-*m 1.0 K 10® 4.9 K 10° | 2.0 X 10! 
Glycine 1.3 2.0 & 10° | 7.3 XK 10° | 2.4 X 10! 
M | | 
7 Formate-C™, 2.7 107% | 1.8 10° 9.0 10° 
| M | 
| Formate-C', 2.7 X 10-* | 1.8 X 108 9.6 X 108 
M 


The leaf disks were infiltrated with the appropriate substrate and incubated for 
20 hours at pH 6.8 under the conditions specified. Two batches of leaf disks of 65 | 
gm. each were used for Experiment 6 and two batches of 10 gm. each were used for | 
Experiment 7. 


from formate into choline is not influenced by light under the conditions 
of this experiment. Similar results were obtained for betaine (data not 
included in Table IT). 

Table III summarizes the results obtained from the degradation of radio- 
active choline and betaine by the methods described. Since both choline | 
and betaine were diluted with carrier prior to the degradations, their spe-_ , 
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cific activities given in Table III bear no relationship to each other. Of 
significance only is the relationship of the specific activity of each tri- 
methylamine fraction to that of its parent compound. It is apparent that 
when formate is the precursor the specific activity of the trimethylamine is 
the same as that of the corresponding parent compound, but, when glycine 
is the precursor, the specific activity of the trimethylamine is only 50 per 
cent of that of the corresponding parent compound. It is thus evident 
that formate gives rise to the methyl carbons on the quaternary nitrogen 
exclusively, a result which is in agreement with the observations of Kirk- 
wood and Marion (16). On the other hand, a-labeled glycine contributes 
tothe 2-carbon moiety of the molecules as well. No significance is attached 


TaBLeE III 
Degradation of Radioactive Choline and Betaine 
| Specific activity, c.p.m. per mmole 
Experiment 
No. in rate | 
| Choline* lamine Betaine* “from betaine 
1 Formate 1.2 X 10! | 1.1 X | 2.9 10" 3.2 10! 
1.3 X | 1.2 x 108 | 
K 108 | 6.6 10 | 
| ee 108 | 1.3 7.2 x 108 7.5 10° 
Glycine (a-labeled) | 1.9 X | 9.5 10% | 1.0 5.3 103 

5 Formate 3.4 108 | 3.2 104 | 

1.0 10! | 4.6 X 10° 


Glycine (a@-labeled) | 


* Diluted with carrier prior to degradation. 


to the observation that the specific activity of the trimethylamine in every 
case When a-labeled glycine was administered was almost exactly one-half 
that of the parent choline or betaine. 

The further degradation of the 2-carbon portion of choline and betaine 
was not accomplished, since, as indicated above, the treatments used to 
remove trimethylamine resulted in the destruction of the remainder of the 
molecules, a variety of products being found. The further refinement of 
these degradations should make possible the localization of that portion of 
the label from a-labeled glycine which appears in the 2-carbon fragment. 


DISCUSSION 


Radioactive carbon from both formate and a-labeled glycine is actively 
incorporated into choline and betaine when beet leaves are infiltrated with 
the labeled substrate. Carbon dioxide-C" is incorporated to a lesser ex- 
tent, whereas a-labeled acetate, although introducing appreciable label 
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into the non-volatile fraction of the leaf extract, yields negligible radio. 
activity in the quaternary nitrogen compounds. 

Our observation that formate gives rise to the V-methyl] carbon of choline 
and betaine is in agreement with the results of du Vigneaud, Verly, and 
Wilson (17), who demonstrated this reaction in animal tissues, as well as 
with the more recent studies of Kirkwood and Marion (16) and Brown 
and Byerrum (15) who found formate to be a precursor of labile methyl 
groups in various higher plants. 

In view of the results of Siekevitz and Greenberg (18), which show that 
the a-carbon of glycine is converted to formate by rat liver slices, the con- 
tribution of the a-carbon of glycine to the methyl groups of choline and 
betaine, which we have found, is not surprising. From the magnitude of 
this contribution we conclude that the a-carbon of glycine is efficiently 
converted to the C,; precursor used to methylate the nitrogen. Similar 
results were obtained recently by Byerrum, Ringler, and Hamiil (19), 
who found that the a-carbon of glycine was extensively incorporated into 
the methyl group of nicotine in tobacco plants. Of greater interest, how- 
ever, is the finding that the a-carbon of glycine also makes a major con- 
tribution to the C. moiety of the quaternary compounds. 

The higher specific activity of choline compared to that of betaine (see 
Table II) suggests that choline precedes betaine in the metabolic chain, 
which would preclude a system such as that postulated by Barrenscheen 
and VAalyi-Nagy (20). They observed an increase in the amounts of 
betaine when extracts of wheat seedlings were provided with methionine 
and glycine and concluded that a direct methylation of glycine to betaine 
was taking place. 

As an alternative explanation of these data, it is possible that a direct 
methylation of glycine to yield betaine results in a sequestered betaine 
which can then be reduced to choline more readily than the pool betaine of 
the plant. Since the betaine pool is large and the amount of choline com- 
paratively small, a higher specific activity of choline could therefore ensue. 

Horowitz (6) has demonstrated the successive methylation of ethanol- 
amine to choline in Neurospora crassa, and du Vigneaud and coworkers 
(7) have presented evidence for the conversion of monomethyl and di- 
methylaminoethanol to choline in the intact rat. Arnstein (5) has shown 
that in the intact rat B-labeled L-serine gives rise to choline labeled in the 
2-carbon moiety, presumably via ethanolamine formed from the decarboxy- 
lation of L-serine. The conversion of glycine to serine as demonstrated 
in animal tissues by Sakami (21) and by Siekevitz and Greenberg (18) 
thus provides a mechanism whereby a-labeled glycine could yield choline 
labeled in the 2-carbon moiety, which in turn may be oxidized to betaine 
(4, 22). Such a mechanism would be consistent with our findings and 
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would not be excluded by the observations of Barrenscheen and Valyi- 
Nagy. 

It is interesting that when labeled formate was infiltrated virtually all 
of the activity appeared in the N-methyl carbons of choline and betaine. 
Siekevitz and Greenberg (18) and Kruhgffer (23) have demonstrated that 
in rat liver slices the condensation of labeled formate with glycine yielded 
g-labeled serine which, upon decarboxylation, should give labeled ethanol- 
amine. Label would then be expected in both the N-methyl and 2- 
earbon portions of choline and betaine. On the other hand, it has been 
observed (23-26) that in rat liver homogenates and mitochondrial prep- 
arations, as contrasted with rat liver slices, formate is not utilized for the 
formation of serine from glycine, owing presumably to a lack of equilibra- 
tion between exogenously provided formate and the 1l-carbon compound 
which condenses with glycine to form serine. In particular, Kruhgffer 
(23) has shown that glycine was still actively converted to serine in rat 
liver homogenates which no longer incorporated formate into serine. For 
the present, we must thus assume that, if in the sugar-beet leaf choline and 
betaine are formed from glycine via serine and ethanolamine, the failure 
of label from radioactive formate to appear in the 2-carbon portion of 
the molecules represents a similar lack of equilibration. 

Kirkwood and Marion (16) also found that essentially all of the activity 
of choline resided in the methyl groups of this compound when labeled 
formate was administered to sprouting barley, but Arnstein (5) found that 
formate made a considerably larger contribution to the 2-carbon moiety 
than to the methyl] groups of choline isolated from the livers of rats which 
had been fed labeled formate along with an adequate amount of labile 
methyl groups. 

Further studies are necessary to resolve this conflict between observed 
differences of specific activity of choline and betaine, on the one hand, and 
the failure of formate to appear in the 2-carbon portions of choline and 
betaine, on the other. 


SUMMARY 


When leaves of Beta vulgaris were infiltrated with solutions of acetate-2- 
C4, glycine-2-C™, formate, or bicarbonate, appreciable activity was found 
in choline and betaine arising from a-labeled glycine or from formate. 
Bicarbonate was incorporated to a lesser extent, and the a-carbon of ace- 
tate, although assimilated, was not incorporated into choline or betaine. 

The specific activity of choline isolated, depending upon the experiment, 
was 10 to 30 times that of the betaine when formate or glycine-2-C™ was 
infiltrated. 

Partial degradation of choline and betaine indicated that, when labeled 
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formate was infiltrated, virtually all of the label appeared in the methy| 
carbon of the quaternary nitrogen compounds, whereas, when glycine-2- 
C™ was infiltrated, both the N-methyl and the 2-carbon residues received 
the label. 


The authors are indebted to Dr. J. Wittenberg for kindly furnishing 


F 

detailed information regarding the assay for choline. 
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A METABOLIC LESION IN DIETARY NECROTIC 
LIVER DEGENERATION * 
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Dietary necrotic liver degeneration is recognized now as a distinct disease 
entity; it is a deficiency of complex nature, which, so far, has been produced 
in rats (2, 3), mice (4), rabbits,’ and pigs (5, 6). The disease in rats is 
primarily characterized by acute massive necrosis of the liver which devel- 
ops suddenly after an uneventful experimental period of several weeks dura- 
tion. In most animals, the first attack of necrosis is fatal. Only 23 per 
cent of the animals dying from the disease show signs of earlier episodes of 
necrosis of the liver (7, 8). A detailed description and discussion of the 
various facets of this deficiency disease are found in the monograph on ‘‘Nu- 
tritional factors and liver diseases”’ (9). 

Three distinct dietary factors have been identified as protective against 
necrotic liver degeneration, namely, cystine (2, 10), vitamin E (11), and 
Factor 3 (12). Any one of these three chemically different substances af- 
fords protection by itself (10). 

Assuming that the acute attack of massive necrosis is the end-result of a 
degeneration of metabolism in the hepatic parenchyma, we have investi- 
gated in vitro the metabolism of tissues of rats on diets which produce liver 
necrosis. Slices from livers of such animals exhibit a peculiar metabolic 
lesion several weeks before hepatic necrosis appears. They are incapable of 
maintaining normal respiratory activity in the Warburg apparatus; oxygen 
consumption declines after 30 to 60 minutes at initially normal rates. In 
the following, this metabolic lesion is described, its relation to the three fac- 
tors which specifically prevent dietary liver necrosis is demonstrated, its 
biochemical nature is partially defined, and it is compared to other experi- 
mentally induced types of hepatic damage. 


EXPERIMENTAL 


Care of Rats—Male, weanling Sprague-Dawley rats of the National Insti- 
tutes of Health strain, 18 to 22 days old, were placed on a basal diet contain- 
ing Torula yeast as the sole source of protein (13). This ration consists 

* A preliminary report has appeared (1). 

‘Hove, L., personal communication. 
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of Torula feed yeast 30, sucrose 59, vitamin E-free lard 5, salts 5 (14), vi. 
tamin mixture (in lactose) 1. It contains approximately 15 per cent pro- 
tein, 66 per cent carbohydrate, and 6 per cent fat. Under our experimental] 
conditions, the mean survival time of the Sprague-Dawley rat is about 45 
days and the incidence of liver necrosis approximates 100 per cent (13). 

The animals were maintained on the basal diet for 18 to 22 days; the diets 
of some were then supplemented with vitamin E (50 mg. per cent of dl-a- 
tocopherol acetate), sulfur-containing amino acids (0.5 or 1 per cent L-cys- 
tine, 1 per cent L-cysteine or 1.23 per cent pL-methionine), or a source of 
Factor 3, whereas others were continued on the basal ration. The level of 
vitamin E used is completely protective against the occurrence of dietary 
necrotic liver degeneration (10, 11). The amounts of sulfur amino acids 
and Factor 3 employed were selected to prolong the survival time of the 
rats, although they did not always completely protect against the deficiency 
disease. Therefore, dosage effects were observed with respect to both die- 
tary necrotic liver degeneration and the respiratory lesion reported here. 

Procedures in Vitro; Slices—Rats were sacrificed by decapitation and 
their livers rapidly excised and placed in cold isotonic phosphate buffer. 
Slices were prepared free-hand, blotted free of excess moisture, and weighed. 
Slices were transferred to the main compartment of a Warburg vessel that 
contained 3 ml. of oxygenated Krebs-Ringer-phosphate buffer, pH 7.4 (15). 
Unless otherwise noted, the buffer contained 0.01 m glucose. The center 
well contained 0.2 ml. of 30 per cent KOH and a roll of filter paper. The 
gas phase was replaced with O. and the flasks were equilibrated in the con- 
stant temperature bath (37.5°) for 10 minutes. Thereafter, readings of the 
manometers were made at 10 minute intervals for as long as 3 hours. After 
the period of incubation, tissue nitrogen was determined on the entire flask 
contents by the semimicro-Kjeldah] method. 

Oxygen consumption was calculated in microliters of oxygen consumed 
per hour per 100 mg. of fresh weight (Qo, (F 100)) or per mg. of tissue 
nitrogen (Qo, (N)). 

Inver Homogenates—Livers were homogenized for 2 minutes by the Pot- 
ter-Elvehjem procedure in an ice-cold isotonic medium consisting of 9 vol- 
umes of 0.154 m KCl and 1 volume of 0.01 m potassium phosphate buffer, 
pH 7.4. The final concentration of tissue in the homogenate was 10 per 
cent. 1 ml. of the suspension (100 mg. of liver) was added to a Warburg 
vessel containing 2 ml. of the medium. The basal medium consisted of the 
9:1 KCl-PO, buffer, to which the following substances were added (final 
concentrations): MgSO,3 X* 10-* m, cytochrome c 4 X 10-5 M, and glucose 
1 X 10*m. The following substances, when added, were present at 2 X 
10° m final concentration: adenosine triphosphate (ATP), adenosine di- 
phosphate, adenylic acid, diphosphopyridine nucleotide (DPN), and, at 
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5X 10-° mM concentration, fumarate, succinate, malate, lactate, a-ket ogluta- 
rate, pyruvate, and coenzyme A. The gas phase was air. The flasks were 
equilibrated for 10 minutes at 37.5° before readings were started. 


Results 


Decline in O2 Consumption of Liver Slices; Protective Effect of Vitamin E— 
Oxygen consumption of liver slices from rats fed the basal Torula yeast diet 
is compared with that from animals fed the vitamin E-supplemented diet 
and a stock diet. In Table I, the rats are grouped with respect to period on 
the diet or to body weight. Animals fed the basal diet are further divided 
into those having normal livers, or sufficient intact liver tissue to allow for 
normal slices, and those having such extensive necrosis that no normal slices 
were obtainable. Qo, ( F 100) values are calculated at 30 minute intervals 
for 2 hours of incubation. As was to be expected, the grossly necrotic slices 
consumed oxygen at very slow rates (Table I, Fig. 1). Therefore, in subse- 
quent experiments with livers of rats fed the basal diet, normal tissue and 
normal slices were used exclusively, unless specifically mentioned.2 The 
0, consumption of liver slices from animals fed the three different diets was 
essentially the same for the first 30 minutes of incubation; thereafter, the 
respiration of slices from rats fed the basal diet declined, while slices from 
animals fed the vitamin E-supplemented diet, or the stock ration, continued 
torespire at the initial rate for at least 2 hours. Only slices from the group 
on the basal diet showed the decline. There appeared to be some relation- 
ship bet ween the period on the basal diet and the severity of this respiratory 
lesion. However, twenty out of twenty-two livers from the group fed the 
basal ration for only 21 to 29 days showed a 2 hour respiratory decline of 
more than 25 per cent, whereas none of the livers of rats fed the vitamin E- 
supplemented diet, or the stock diet, declined to this extent during the in- 
cubation period. 

The typical time-course of O. consumption for livers of the three different 
groups is presented in Fig. 1. Frequency distribution of the Qo, (F 100) 
values for the first and the last 30 minute intervals is shown in Fig. 2. It is 
clear that the initial rates of O2 consumption are practically identical in all 
three groups. However, as the period of incubation continues, only slices 
from rats on the basal diet failed to maintain the initial respiratory activity. 
After 2 hours of incubation, only 10 per cent of the values of the group 
on the basal diet overlapped with the lowest values of the groups receiving 


* Histological examination of representative slices confirmed repeatedly the ab- 
sence of necrotic cells in slices from normal areas of deficient livers, even when other 
distinctly necrotic areas were present in the liver. We are indebted to Dr. George 
L. Fite, National Institutes of Health, for histological examination of tissues 
throughout these studies. 
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vitamin E. Some overlapping was to be expected, since, under our ex. 
perimental conditions, a small percentage of the rats fed the basal Torulg 


TABLE 
Respiratory Decline in Liver Slices and Its Prevention by Vitamin E* 
; ae Liver slices Qo, (F 100)§ Decline in 
NO. 
Days ondiett, Body, | of dence of 
rats necrosist Appearance | N X 1” 
| (a) | (b) | (c) | (@) 
Stock 
| gm. per cent toad | per cent 
10—- 20 65-100 | 14 0 Normal 2.7 | 222 | 225 | 225 | 216 3 
40— 50 150-200 | 11 0 = 3.1 | 242 | 238 | 230 | 233 4 
Basal Torula yeast 
21- 29 69 22 41 Normal 224 | 168 | 131 97 57 
30— 39 74 10 70 g 235 | 192 160 | 110 53 
40— 49 79 32 78 2.3 | 210 | 158; 98) 58 73 
50- 70 82 27 84 227 | 156 | 90) 66 71 
30— 60 81 10 | 100 Necrotic | 2.2; 61); 58); 52); 48 
Basal diet for 3 wks.; then 50 mg. % a-tocopherol acetate added 
7- 30) 92 12 0 Normal 2.6 | 237 | 224 | 230 | 230 3 
40— | 141 0 200 | 119 | 205 | 203 0 
90-180) | 168 12 0 ” 216 | 212 | 218 | 219 0 


* Male Sprague-Dawley rats; about 100 mg. of liver slices in 3 ml. of Krebs-Ringer- 
phosphate medium; glucose 0.01 M; gas phase, O2; temperature of incubation, 37.5°. 

1 Weanling rats, 18 to 20 days old, when started on the experiments. 

t Number of rats showing signs of necrosis, either current or past. With the ex- 
ception of the group so marked, all experiments were performed with slices from 
‘“‘normal’’ areas of liver; 7.e., areas in which necrosis was not present. 

§ Qo. (F 100) = oxygen consumption (in microliters) per hour per 100 mg. of liver 
slices, calculated at 30 minute intervals of incubation. Averages of duplicate de- 
terminations. 

|| Days after 3 weeks on the basal diet. 


diet may survive for as long as 70 to 80 days before succumbing to liver ne- 
erosis (13). 

The nitrogen content of liver slices from rats fed the basal diet was some- 
what less than that from rats of almost equal weight fed the vitamin E-sup- 
plemented diet or the stock diet (2.3, 2.6, and 2.7 per cent, respectively). 
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The Qo, (N) for the first 30 minute period was 91, 91, and 84 for the three 
groups of rats. 

The average glycogen content of prenecrotic livers from animals on the 
basal diet did not differ from that of vitamin E-supplemented animals. 
Both values were within normal limits.’ 

0, Consumption of Kidney and Diaphragm of Rats Fed Basal Diet—A 
series of experiments was conducted to determine the tissue specificity of the 
alteration in oxidative metabolism demonstrated for the liver of the rats fed 
the basal diet. Slices of liver and kidney and thin sheets of diaphragm were 


OIET (SLICES) 
a BASAL + VIT. E (NORMAL) 
© BASAL DIET (NORMAL) 
@ BASAL DIET (NECROTIC) 


OXYGEN CONSUMPTION 
MG. SLICES) 


30 60 90 120 150 

INCUBATION (MINUTES) 

Fig. 1. Protective effect of vitamin E against decline in respiration of liver slices. 
Litter mates fed the basal diet 18 days; then one rat placed on the vitamin E--supple- 
mented diet for 16 days. Normal and necrotic areas from the same deficient liver. 
For the experimental conditions see Table I. 


obtained from animals fed either the basal diet, the vitamin E-supplemented 
diet, or the stock diet and were incubated in Krebs-phosphate buffer as 
described above. The rats fed the basal diet alone were divided into two 
groups: those with livers essentially normal in appearance or showing mini- 
mal necrosis or scarring (‘‘normal”’ slices), and those with severe hepatic 
necrosis in which necrotic areas even appeared in the slices. Rats in the 
former group were strong and active, whereas those of the latter group were 


* Changing from the sodium salt medium of Krebs to the potassium-rich medium 
of Buchanan, Hastings, and Nesbett (16) tended to maintain the glycogen content 
of the slices during incubation, but did not affect the course of the respiratory lesion. 
Lowering the incubation temperature to 28°, while decreasing the rate of respiration 
and the rapidity of the decline, did not essentially alter the deranged pattern of 
respiration of deficient slices. 
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The results presented in Table IT are 


calculated from data obtained after 30 and 60 minutes of incubation. 
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@ BASIC TORULA 

DIET (91) 
0 SAME + VIT. E (33) 
a STOCK DIET (25) 
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Qo, (F 100) 


80 


160 240 


! 
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Fic. 2. Cumulative frequency distribution of Qo, (F 100) values for liver slices 
For the experimental con- 


calculated at 0 to 30 and 90 to 120 minutes of incubation. 


ditions see Table I. 


The figures in parentheses denote the number of rats. 


TABLE II 


Oxidative Metabolism of Liver, Kidney, and Diaphragm in Dietary Necrotic 
Liver Degeneration* 


Diet 


Stockf 
Basal Torula 
yeast 


Basal + vitamin; 8 


E (50 mg. %) 


Qoz (F 100), average 


Gross appearance 
Rat 
weight 
Rat Liver 
gm. 
121 | Normal Normal 
82 to 
some ne- 
crosis 
60 | Moribund | Massive ne- 
crosis}t 
112 | Normal Normal 


Liver 


Kidney 


Diaphragm 


30-60 
min. 


0-30 
min. 


476 
448 


449 


233 


30-60 
min. 


473 
399 


381 


500 


0-30 


80 
184 


162) 131 


203 


* For the experimental conditions see Table I. 


t Age controls and weight controls have been combined. 
t Liver slices contained necrotic tissue; other tissues normal in appearance. 


The pattern of oxygen consumption of kidney and diaphragm was similar 
This finding contrasts with that for liver. A 


for rats on all three diets. 
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slight diminution of O2 consumption may be present in kidneys of animals 
on the basal diet. However, this finding is not consistent ; it may be corre- 
lated to pathological changes seen in the kidneys of rats fed the basal diet 

, In moribund animals with pronounced gross changes of the liver, the 
respiration of kidney and diaphragm is still approximately normal, even 
though O2 consumption of the necrotic liver amounts to only 20 per cent of 
that of non-necrotic controls (Table II). A small depression of the O2 con- 
sumption of diaphragm may also occur in this terminal condition. 


TABLE III 


Effect of Addition of Sulfur Amino Acids to Basal Diet on Respiratory 
Decline of Liver Slices* 


Supplement after 3 wks. on basal diet — 

Kind Concen-| Weeks | min. | min. | 
per wk. (a) (b) 

Brae per cent gm. per cent 
None 3 8 5/10 1; 1 | 3f | 272 85 69 
L-Cystine 0.5 1-4 0/10 8} 2 238 81 66 

0.5 | 10 13 0/10 | 10 266 78 71 
1.0 3 16 0/10 | 10 245 | 223 9 
1.0 + 18 0/5 5 267 | 235 12 
L-Cysteine 1.0 4 13 3/7 4 275 51 $1 
pL-Methionine | 1.23; 2 23 0/5 5 270 | 183 32 
1.23 | 3 18 1/5 + 265 | 106 60 
1.23 | 4 20 0/5 4; 1 290 97 67 


* For the experimental conditions see Table I. 

t Rats dead with necrosis versus total in group. 

t One rat liver severely necrotic; necrosis in area taken for slices Qo, (F 100) = 77 
at 30 minutes, not included in averages. 


Sulfur Amino Acids and Respiratory Decline—In dietary necrotic liver 
degeneration, methionine, homocystine, and cysteine haveshown only about 
25 to 35 per cent of the activity of equivalent amounts of cystine (10, 17). 
Supplementation of the basal diet with 0.5 per cent cystine markedly pro- 
longs the average survival time and reduces the incidence of dietary ne- 
crotic liver degeneration (13). In the current series (Table III), only two 
of the twenty rats receiving the 0.5 per cent cystine supplement developed 
gross necrosis during the 68 day experimental period. However, without 
exception, the respiration of the liver slices declined during the period of 
incubation. Increasing the supplementary cystine to 1 per cent almost 
completely prevented both the metabolic and the histological lesions of the 
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liver. Respiration of livers of rats which received 1 per cent cystine in no . 
instance declined more than 20 per cent; the average decline was approxi- I 
mately 10 per cent after 2 hours of incubation. f 

Supplementation of the basal Torula diet with 1 per cent L-cysteine or . 
1.23 per cent pL-methionine promoted growth about as well as 1 per cent , 
L-cystine, but, unlike cystine, did not fully protect against the pathologic f 
and metabolic signs of dietary necrotic liver degeneration (Table ITI). 


iM 


TABLE IV 


Effect of Addition of Factor 3 to Basal Diet on Respiratory Decline of 
Liver Slices* 


Groups of ten rats were fed the diets for 3 weeks.t 


Supplement after 3 wks. on basal diet Qo2 (F 100), average | Decline in 
respira- | No. of 

livers 
a — 


pens 
Concen. Weight | 0-30 min. 90-120 min. 
j a 
acme | per wk. (a) (b) x 100 


gm. per cent 


13 228 185 19 
9 220 171 22 
10 234 142 39 
5 258 92 64 


A. Brewers’ yeast autolysate 
B. Crude tissue powder 

C. Factor3 preparation from B 
None 


* For the experimental procedures see Table I. 

t All rats fed Factor 3 concentrates survived and none showed signs of hepatic 
degeneration. Twenty rats were continued on the basal diet. In the second 3 
week period, ten died with signs of necrosis, and ten survived, of which eight had 
areas of hepatic necrosis when sacrificed for respiration studies. 

t Units per 100 gm. of diet determined (18) by ability of substance to prolong 
survival and prevent necrosis in rats fed the basal diet. 1 unit is that amount of 
protective substance which doubles the survival time when supplemented daily. 

§ Respiration for 90 to 120 minutes was within 10 per cent of the initial rate. 


V 
Factor 3 and Respiratory Decline—In Table IV are summarized the effects ¢ 

of the addition of sources of Factor 3 on the respiratory lesion. Assay of 0 
potency of the preparations was made by the procedure previously reported ¢ 
(18). Supplements A and B almost completely prevented the occurrence S 
of respiratory decline, whereas Supplement C was only half as effective with t 
respect to both Factor 3 activity and the metabolic effect. No livers of rats 8 
fed Factor 3 were found to contain areas of necrosis at the time of sacrifice. r 
The results with sulfur amino acids and Factor 3 fractions suggest that ( 
somewhat more of the effective substances is necessary to protect the liver § 
from the metabolic defect than is necessary to protect it from necrosis per se. 0 
Effect of Substrates on Decline in Respiration of Liver Slices—The effects 
of the addition of various metabolic intermediates on oxygen uptake ofthe } f 
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slices Were investigated in an attempt to delineate the site of the respiratory 
lesion. After 20to 30 minutes of control respiration, substrates were added 
from the side arm to the main compartment of the Warburg vessel. The 
amounts added were such that the final concentration of substrate was 0.01 
um. Eight to sixteen flasks, each containing 100 mg. of slices, were prepared 
from each liver. This provided for duplicate comparisons of four to eight 
substrates on the same organ. The results, summarized in Fig. 3, are pre- 
sented as the average percentages of the control respiration measured at 
10 minute intervals for 90 minutes of incubation. Composite curves of the 


BASAL DIE STOCK DIET 
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Z 

Qa 

: 

6 > 0.0! M_ SUBSTRATE 

& LACTATE @ «x<-KETO 

2 & + © OXALACETATE GLUTARATE 

40r @ PYRUVATE a GLUCOSE 

Og | ® FUMARATE FRUCTOSE 

¥ + ISOCITRATE NONE 


“0 30 60 900 30 60 90 
INCUBATION (MINUTES) 

Fic. 3. Effects of various substrates on O2 uptake of liver slices. Initial 30 min- 
ute period of control respiration set equal to 100. For the experimental conditions 
see Table I. The points for lactate and oxalacetate are not recorded separately for 
the group on the basal diet; the results were practically identical with those presented 
for pyruvate. 


values obtained from five experiments are presented. O:2 uptake during the 
control period was similar for all the samples from a single liver. Lactate, 
oxalacetate, pyruvate, fumarate, isocitrate, and cis-aconitate each signifi- 
cantly increased the oxygen uptake of normal liver slices. However, these 
substrates neither prevented nor markedly altered the decline with time of 
the respiratory rate of deficient liver slices. Of the substrates tested, only 
succinate and isocitrate significantly and consistently altered the pattern of 
respiration of such liver slices. They produced a temporary stimulation of 
0. uptake, which merely reflected the integrity of the specific dehydrogenase 
systems (19, 20) and which is not similar to the more prolonged stimulation 
of O2 consumption produced in normal liver slices. 

Studies with Liver Homogenates—Representative results, each derived 
from three to five individual experiments with liver homogenates of de- 
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ficient and of normal animals, are illustrated in Fig. 4. In agreement 
with Wenner, Dunn, and Weinhouse (21), it was observed that supplemen- 
tation of normal liver homogenates with ATP is relatively unimportant and 
that DPN is essential for the maintenance of rapid rates of oxygen uptake 
in liver homogenates. The addition of ATP to the DPN-fortified homog- 
enate resulted in small, but consistent, increases of oxygen consumption. 
Metabolites such as fumarate, succinate, malate, lactate, a-ketoglutarate, 
and pyruvate, when added to the ATP- and DPN-fortified system, in- 


O 9 
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TIME IN MINUTES 

Fic. 4. Oxygen consumption of liver homogenates. Each Warburg vessel con- 
tained 1 ml. of a 10 per cent homogenate in KCl-PO, buffer (see the text) and 2 ml. 
of the buffer with the substances indicated; gas phase, air; 37.5°. Curve 1, homog- 
enate alone; Curve 2, same as for Curve 1 + MgSO,, glucose, and cytochrome ¢; 
Curve 3, as for Curve 2 + ATP; Curve 4, as for Curve 2 + DPN; Curve 5, as for 
Curve 4 + nicotinamide; Curve 6, as for Curve 5 + ATP; Curve 7, as for Curve 6 + 
a-ketoglutarate; Curve 8, as for Curve 7 + coenzyme A; Curve 9, as for Curve 6 + 

lactate; Curve 10, as for Curve 9 + coenzyme A. See the text for concentrations. 


creased oxygen uptake only to a small extent. Coenzyme A in any sub- 
strate combination tested produced little or no additional respiration. 
The pattern of oxygen utilization by homogenates of deficient livers under 
these varying conditions was not significantly different. The progressive 
respiratory failure of the deficient liver slice could not be duplicated in the 
homogenate prepared from the same liver. However, it should be borne in 
mind that the duration of respiration of homogenates is much shorter than 
that of slices and is determined by the kind and amount of supplements 
added tothe medium. The respiratory rates of fortified homogenates were 
approximately twice that of slices prepared from the same liver. In a typi- 
cal experiment with liver from a rat fed the basal diet, the Qo, (F 100) values 
for slices at 30, 60, and 90 minutes were 232, 175, and 135, respectively; the 
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homogenate, fortified by addition to the medium of DPN and nicotinamide, 
gave values of 464, 460, and 399. 

Homogenates of normal and deficient livers were also found to be similar 
in their anaerobic glycolytic metabolism, as indicated by amounts and pat- 
terns Of CQO, liberation. These homogenates were fortified with ATP, 
DPN, nicotinamide, fructose diphosphate, and pyruvate, as suggested by 
Novikoff et al. (22). ‘i 

Hepatic Damage from Other Causes—Several groups of ten male Sprague- 
Dawley rats each were fed diets reported to produce necrotic or 
fatty changes in hepatic cells. At several intervals rats were killed, and the 
effect of dietary treatment on the oxygen consumption of liver slices was 
tested as before. Only the three following groups need be considered in 
detail. 

High fat-low protein diet (60 per cent lard, 10 per cent casein, 22 per cent 
sucrose, 5 per cent salts (14), 1 per cent vitamin mixture,‘ and vitamins A 
and D in corn oil, 2 per cent*). 

5 per cent cystine diet (15 per cent casein, 5 per cent cystine, 5 per cent 
lard, 69 per cent sucrose, 1 per cent vitamins (13), and 5 per cent salts (14)). 
Histological examination after 3 days on the diet revealed massive portal 
necrosis. About half of the rats died within 4 days. In some experiments, 
50 mg. of dl-a-tocopherol were added per 100 gm. of diet (the amount used 
to protect rats on the Torula yeast diet from dietary necrotic liver degen- 
eration). 

0.5 per cent ethionine diet (18 per cent casein, 73.5 per cent sucrose, 0.5 per 
cent pL-ethionine, | per cent vitamins (13), 5 per cent salts (14), and vita- 
mins A and D in corn oil, 2 per cent®). Histological examination after 4 or 
9 days on the diet revealed moderately heavy deposition of fat in hepatic 
cells but few other cellular abnormalities. 

The O, consumption recorded in Table V is expressed as the total con- 
sumed during the Ist and the 2nd hour of incubation per 100 mg. of slices or 
per mg. of slice nitrogen. Only respiration of liver slices from rats fed the 
basal diet declined significantly during the Ist hour. 

It was estimated that as much as 40 per cent of the hepatic cells were 
necrotic in some of the livers from rats fed the 5 per cent cystine diet. 
Respiration of such livers was not, however, lower than in normal controls. 
Addition of vitamin E to the cystine diet did not significantly alter the 
respiration. After 11 days, fatty infiltration and fibrosis of the livers were 
quite marked, which is reflected in Qo, values. 

Ennor (23) has made similar observations on livers of rats poisoned with 


‘The vitamin mixture used was the same as that reported previously (13), except 
for the omission of choline. 
*Vitamin A 275 U.S. P. units and vitamin D 55 U.S. P. units per gm. of oil. 
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carbon tetrachloride or phosphorus. Even in the presence of considerable 
necrosis, he found liver respiration, on a defatted, dry weight basis, to be 
normal or greater. No decline in respiration with time was reported. Oxi. 


dation of fatty acids was likewise unimpaired in the poisoned livers. 


These various types of liver injury failed to affect the ability of liver slices 
to maintain their initial rate of respiration for 2 hours in vitro. Only in the 
livers of rats on the ration producing dietary necrotic liver degeneration was 


there marked decline of oxygen consumption. 


TABLE V 
Dietary Liver Damage and Oxygen Consum ption* 


Diett Liver slices Qoz (F 100)t Qoz (N) Decline 
No ‘respira 
2 N | 960 | 60-120! 60 120 
Kind 2 Pathology | min. min. min. 
A | (a) | (6) | (a) | (6) | X10 
| jd per cent 
Stock 40, 5) Normal 3.5 | 280 | 272 80 78 3 
Basal Torula | 30; 5 ” to mini- 2.6! 176 67 68 26 62 
yeast mal necrosis 
High fat-low 4 3 Very fatty 2.3; 189 | 179 82 79 5 
protein 
i 4 * ” 2.1; 156 | 128 74 61 18 
0.5% ethionine| 4 3 Fatty,somenecro- | 3.3 | 333 | 272 | 100 | 83 18 
11} 2| 3.2 | 245 | 230 77 72 6 
5% cystine 3,10, Extensive portal , 2.9 257 | 230 89 80 10 
necrosis 
11; 3) Necrosis, fibrosis, | 2.7 | 204 199 76 74 2 
fatty infiltration | 


* For the experimental conditions see Table I. 

t Rats maintained on the stock diet for 5 weeks after weaning and then fed ex- 
perimental diet. The basal 7’orula diet was fed from weaning. 

t Oxygen consumption for Ist hour and 2nd hour of respiration. 


DISCUSSION 


Slices from the livers of rats fed a vitamin E-free Torula yeast diet, which 
produces dietary necrotic liver degeneration, failed to maintain their ini- 
tially normal respiratory rate, whereas liver slices from control rats respired 
for 2 to 3 hours without appreciable decline in the rate of oxygen uptake. 
Failure was evident after half an hour of incubation and antedated the 
histopathological changes of dietary necrotic liver degeneration by several 
weeks. The respiratory lesion was demonstrable in liver, but not consist- 
ently in kidney or diaphragm. By addition of appropriate substrates to the 
medium, it was shown that the metabolic lesion could not be characterized 


-rable 


to be 


Oxi- 
slices 


n the 
Was 


CHERNICK, MOE, RODNAN, AND SCHWARZ 841 


in terms of defects in any of the specific enzymes of the glycolytic or tri- 
earboxylic acid cycles. Evidence was obtained of the integrity of the suc- 
cinate and isocitrate dehydrogenase enzymes and of the cytochrome sys- 
tems to which they are linked. None of the substrates tested prevented the 
ultimate decline in O. uptake that distinguishes this hepatic defect from 
those described for diabetes (24) and fasting (25). The conversion of ace- 
tate to CO», fatty acids, or ketone bodies is likewise impaired in deficient 
livers (26). 

Homogenates of deficient livers, on the other hand, failed to reveal the 
metabolic lesion and consumed oxygen in a normal manner. The foregoing 
indicates that the primary lesion in prenecrotic livers is not located in one of 
the main streams of substrate utilization, but rather belongs to an essential, 
subsidiary mechanism. Results with homogenates tend to indicate that 
the generation of an adenine nucleotide may be primarily involved. 

Addition to the basal diet of vitamin E, cystine, or a source of Factor 3 
prevented the development of the metabolic defects that produced respira- 
tory decline. These substances were also effective in preventing dietary 
necrotic liver degeneration, which is inevitable in rats fed the basal diet 
alone. The amounts of protective substances necessary to prevent the oc- 
currence of the metabolic defect appeared to be somewhat greater than the 
amounts that prevented necrosis. 

While difficult to prove with the data at hand, the results strongly suggest 
a relationship between the earlier metabolic changes and the necrosis that 
follows. Apparently, conditions in vitro bring into the open a degenerative 
metabolic process already under way in deficient livers. The final low met- 
abolic activity represents a biochemical, but not yet histological, ‘“‘necrobi- 
osis” of the liver slices. 

Dietary necrotic liver degeneration and the metabolic defect are pre- 
vented by the presence in the diet of adequate amounts of either vitamin E, 
cystine, or Factor 3 alone. In vitamin E deficiency, a usual metabolic 
finding is elevated oxygen consumption of isolated muscle strips before or 
during the phase of neuromuscular degeneration (27). Liver slices, how- 
ever, did not respire at increased rates under these conditions (28). The 
diets employed in the production of simple vitamin E deficiency contain 
sufficient casein to supply ample amounts of Factor 3 (10) to prevent the 
development of dietary necrotic liver degeneration and, presumably, of the 
metabolic lesion. 

In addition to dietary necrotic liver degeneration, several other forms of 
hepatic injury have been tested for the defect in oxygen consumption. Nei- 
ther fatty nor necrotic livers from other causes have been found to exhibit 
the metabolic defect described here. However, the progressive decline in 
the rate of oxygen uptake reported here is similar to that observed when 


certain drugs, such as naphthoquinones (29) or pamaquine (30), are incu- 
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bated with liver slices. The delayed inhibitory action of these drugs may 
be due to their slow rate of penetration into the cells (29), or to their con- 
version into inhibitory degradation products (30), or to the uncoupling of 
oxidative phosphorylation (31). The first two cases do not seem to apply 
to the metabolism of prenecrotic liver in dietary necrotic liver degeneration, 

The view that failure in oxidative phosphorylation may be involved in 
the progressive decline in respiration gains credence from the observation 
that O, uptake is normal in fortified homogenates of deficient livers. This 
suggestion is under investigation. Indications that the primary metabolic 
lesion in dietary necrotic liver degeneration may be located close to the 
citric acid cycle had been obtained from earlier experiments (10): A serious 
incompatibility of fat can be demonstrated in prenecrotic animals. Ad- 
ministration of 2 gm. of fat precipitates the terminal phase of the disease 
(32). The sequence of events during this final phase, in turn, shows a com- 
plete breakdown of the carbohydrate balance (33). It was also observed 
that the citric acid level in such livers could be greatly elevated by sodium 
monofluoroacetate (10). 


SUMMARY 


1. Slices of livers from rats fed a vitamin E-free Torula yeast diet that 
produces necrotic liver degeneration consume oxygen at a normal rate for 
approximately 30 minutes. Thereafter, respiration declines until the oxy- 
gen uptake at 90 to 120 minutes of incubation is only 30 to 50 per cent of 
normal. 

2. This metabolic defect is routinely observed in livers which are histo- 
logically normal, several weeks before the onset of necrosis. 

3. Kidney and diaphragm of such animals show normal O2 consumption 
patterns. 

4. Substances which prevent or cure dietary necrotic liver degeneration, 
such as vitamin E, cystine, and Factor 3, also prevent the occurrence of the 
metabolic defect in liver slices. In the case of Factor 3 preparations, the 
observed degree of protection against the metabolic lesion was found to 
parallel the necrosis-preventing activity. 

5. Addition of succinate or isocitrate to deficient liver slices caused a 
brief stimulation of oxygen uptake; other substrates tested were essentially 
without effect on the deranged pattern of respiration. 

6. Respiratory patterns of liver homogenates from deficient rats did not 
differ significantly from those of normal rats under various conditions of 
fortification with coenzymes and substrates. 

7. The characteristic pattern of the metabolic defect, normal respiration 
followed by a marked decline, is not observed in livers of rats fed a high fat- 
low protein diet, 5 per cent cystine, or ethionine nor in those poisoned with 
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phosphorus or carbon tetrachloride, although histological changes in the 
livers may be very severe. 
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THE COMBINED AMINO ACIDS IN SEVERAL SPECIES OF 
MARINE ALGAE* 


By DONALD G. SMITH anv FE. GORDON YOUNG 


(From the Maritime Regional Laboratory, National Research Council, 
Halifax, Canada) 


(Received for publication, May 17, 1955) 


The distribution of the free and combined amino acids in a few algae 
has recently been reported (1, 4, 7-12, 23, 25). These analyses have been 
both qualitative and quantitative and are mostly fragmentary with the 
exception of those for Fucus vesiculosus (25) and for Chlorella vulgaris and 
a few other unicellular green algae (12). Those for Chlorella have been 
widely divergent (9, 11, 23). 

Our earlier work on Fucus has therefore been extended to include a 
study of the combined amino acids of four other common seaweeds, 
Ascophyllum nodosum, Chondrus crispus, Rhodymenia palmata, and Ulva 
lactuca, as representative species of the three major classes of algae. 


EXPERIMENTAL 


Methods—Specimens were collected in bulk locally, dried in a forced 
draft of warm air, and powdered in a Wiley mill. Free amino acids and 
simple peptides were extracted by shaking the dried, ground weed with 
75 per cent ethanol for 24 hours, in the proportion of 1 gm. to 100 ml. 
of solvent. The residue was boiled in 20 per cent hydrochloric acid for 
24 hours, in the proportion of 1 gm. of dry material to 200 ml. of acid. 
The insoluble humin was filtered quantitatively. Excess acid was removed 
from the filtrate by repeated distillation 7n vacuo. The residue was taken 
up in a volume of water to give a final concentration of approximately 1 
mg. of N per ml. The solution was neutralized with silver oxide until a 
pH of about 4.5 was established. It was then centrifuged at 5000 r.p.m. 
until clear. The precipitate of silver chloride may have contained some 
cystine and any purines present, but no appreciable loss of nitrogen was 
ever detected in this procedure. 

Nitrogen was estimated by the micro-Kjeldahl procedure. 

The amino acids formed on hydrolysis were determined quantitatively 
by the technique of ion exchange of Moore and Stein (21). They were also 
identified by the descending technique of paper chromatography. The 
papers were treated with borate buffer of pH 9 prior to one-dimensional 
chromatography (20). The solvent was phenol equilibrated against the 
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same borate buffer. The procedure of Levy and Chung (16) was employed 
for two-dimensional chromatograms. The color reagents were 0.2 per cent 
ninhydrin in 95 per cent ethanol containing about 20 per cent by volume 
of acetic acid and 1 per cent p-dimethylaminobenzaldehyde in 1 N hydro. 
chloric acid (10). 


Results 


The time of collection and the forms of nitrogen determined are listed 
in Table I. In agreement with the more detailed results for Fucus (25), 
the nitrogen in the other four species was about 60 to 70 per cent as pro- 
tein nitrogen and 10 to 33 per cent in other forms, such as free amino acids, 
peptides, organic bases, purines, pyrimidines, etc. The lower values for 
nitrogenous material soluble in ethanol in Rhodymenia and Ulva may have 


TABLE I 
Forms of Nitrogen in Various Algae 


ee Total N in 
: Time of pote Total N 
Species Class collection | estimated 
plant | Ethanolic Humin Acid hy- 
extract drolysate 


per cent percent | percent | percent per cent 


F.. vesiculosus Brown Apr. 2.74 24.6 6.4 64.0 95.0 


A. nodosum Mar. 2.31 33.2 5.5 57.4 96.1 
C’. crispus Red Apr. 4.36 22.4 1.9 65.0 89.3 
R. palmata " Sept. 2.08 11.4 2.4 76.5 90.3 
U. lactuca Green 48 3.33 9.4 2.6 68 .0 80.0 


been due to a decrease in free peptides during the summer. The humin 
nitrogen was higher in the brown algae, owing probably to the presence of 
alginate. The various forms of nitrogen estimated accounted for between 
90 and 96 per cent of the total with the exception of Ulva. Some peculiar 
form of nitrogen must be present in this species, since recoveries of only 
80 to 86 per cent have been repeatedly obtained. 

The distribution of the nitrogen of the amino acids in the five species 
examined is reported in Table II as percentage of the total nitrogen in the 
hydrolysate after removal of the humin. The results for Fucus are those 
previously reported (25) from analyses with both starch and resin columns, 
with some minor corrections due to revision of color yields. 

Recovery of nitrogen from the columns ranged from 79 to 89 per cent of 
the nitrogen in the hydrolysate. These recoveries are comparable to those 
reported by others for the analysis of plant material containing large 
amounts of non-protein components. 

Since both cystine and tryptophan appear to be destroyed during acid 
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hydrolysis and were not detected on our chromatograms, qualitative 
tests were applied to the original material. Fresh plants were extracted 
several times with water at 80° to remove soluble carbohydrate. The final 
residue was extracted with 5 N sodium hydroxide at 40° for 2 hours. This 


TABLE II 
Combined Amino Acids in Various Algae 
The results express nitrogen of the amino acids as percentages of total N in hy- 
drolysate. 


Amino acid F. vesiculosus A. nodosum* C. crispust R. palmatat U. lactuca* 


Alanine........... 
Arginine......... 
Aspartic acid..... 
Citrulline......... 
Glutamic acid..... 
Histidine. ........ 
Isoleucine......... 
Leucine......... 


bo 
Ww 

— 
onon 


Sn 


— 


Methionine....... 
Ornithine........ 
Phenylalanine..... 
Threonine..... 

Tryptophan... 

Tyrosine.......... 
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DSi at 


~] 


* Single determination. 

t Mean of three determinations; for aspartic acid, threonine, serine, and proline, 
mean of five. 

t Mean of two determinations. 


extract was adjusted to pH 8 with hydrochloric acid and centrifuged. 
The supernatant fluid gave a positive qualitative reaction for cystine by 
the reduced sulfur test and for tryptophan by the Hopkins-Cole test. 
Both cystine and tryptophan have been reported as present in hodymenia 
and Ascophyllum (4) and in Fucus, Chondrus, and Ulva (7). 

Dustin et al. (6) have recently published a report on the determination 
of amino acids in the presence of large amounts of carbohydrate. 
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instance was the recovery of an amino acid lowered by as much as 3 per 
cent under the usual conditions of hydrolysis. Only 1 per cent of arginine 
was lost in this procedure. These authors have observed a red peak with 
maximal absorption at 520 mu which emerged well in front of aspartic 
acid. Reddish peaks with the same point of maximal absorption have also 
appeared during the analysis of other materials high in carbohydrates (24). 
A peak with similar characteristics has been observed in the present study, 
The hydrolysates were colored light brown, and this pigment appeared as 
a discrete peak near the beginning of the run. In the effluent curves for 
the basic amino acids in U. lactuca, there was a small peak immediately 
preceding histidine. This is considered to be a decomposition product, 
similar to that noted in the analysis of cassava flour (3), and it has not 
been included in the calculations. 

Identification of the amino acids formed on hydrolysis of Chondrus was 
complicated by the presence of two components which were not found in 
the hydrolysates of the other algae examined. One unknown appeared 
in the area between glutamic acid and proline and was largely overlapped 
by the higher peak due to glutamic acid. The point of separation was 
indicated by the indentation, which permitted an approximate estimation 
of this acid. The other unknown preceded and overlapped the lower 
lysine peak in the effluent curve from the 15 cm. column. From the work 
of Moore and Stein (21), the first unknown was probably citrulline and the 
second ornithine. 

The effluent curves for these particular areas are illustrated in Fig. 1. 
Subsequently a better resolution of ornithine and lysine was obtained 
from a 15 cm. column with the buffer sequence recommended by Hamilton 
and Anderson (14). 

Elution of the basic amino acids from a 100 cm. column gave rise to a 
peak in the ornithine position. Chromatography of the hydrolysate was 
repeated on a 15 cm. column, and the effluent fractions in the lysine area 
were subjected to a confirmatory analysis for ornithine by the ninhydrin 
procedure of Chinard (2). The hydrolysates of Rhodymenia and Ulva were 
also analyzed by this method. Thetest was positive for ornithine in Chon- 
drus, but negative in the other two algae. 

Addition of citrulline to the hydrolysate of Chondrus, prior to chromat- 
ographic separation, resulted in a corresponding increase in the second 
component in the glutamic acid position. The presence of citrulline in 
the original hydrolysate was confirmed qualitatively by one- and two- 
dimensional chromatography on paper. 

In order to eliminate the possibility of decomposition of arginine during 
hydrolysis, a known amount of arginine was added to the residue from 
an ethanolic extraction prior to hydrolysis. Analysis of the hydrolysate 


Amino acid conc. (mM) 
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showed no increase in the content of ornithine. Likewise, hydrolysis of 
a mixture of arginine and carrageenin did not generate any ornithine or 
citrulline detectable by chromatographic methods. 

The possible formation of ornithine and citrulline by enzymic decom- 
position in the interval between harvesting and drying was investigated. 
Specimens were picked and frozen immediately in solid carbon dioxide. 


; Chondrus crispus 100 cm. Column Dowex 50 
‘0. Asp 
0 
Thr Ser Gly Ala 
02 
é 75 lOO 125 50 
Effluent - 
3 Chondrus crispus IS cm. Column Dowex 50 
0 
Arg 
50 175 225 250 
Effluent-ml. 
Fig. 1. Sections of effluent curves obtained with a hydrolysate of C. —e on a 
column of Dowex 50 resin. / 


In the laboratory, the plants were transferred directly from the dry ice 
into hot 75 per cent ethanol. After several minutes, the specimens were 
removed and placed in an oven with forced draft at 100° overnight. The 
material was then pulverized and hydrolyzed with hydrochloric acid, as 
previously described. It contained ornithine equivalent to 4.7 per cent of 
the nitrogen of the hydrolysate as well as a small amount of citrulline. 
The presence of both acids was confirmed by two-dimensional chromatog- 
raphy. The value of 4.7 per cent of ornithine compares favorably with 
values of 4.7 and 6.3 per cent obtained previously. 

Isolation of ornithine and citrulline was next attempted. Initial efforts 
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at separation of ornithine picrate and of copper citrullinate in crystalline 
form from the acid hydrolysate were unsuccessful. By the chromato- 
graphic procedure of Hirs, Moore, and Stein (15), the basic amino acids 
in an acid hydrolysate containing 0.6 gm. of nitrogen were resolved on a 
column of ammonium Dowex 50. The dark soluble humin was eluted at 
the beginning of the run. The ornithine-lysine fractions were located by 
tests on aliquots with the Chinard reagent. The combined fractions were 
freed of buffer by the procedure of Hirs et al. (15), and the residue was 
dissolved in 10 ml. of 0.5 N hydrochloric acid and diluted to 50 ml. with 


Fic. 2. X-ray diffraction patterns of (upper) material isolated from a hydrolysate 
of Chondrus and of (lower) L-ornithine monohydrochloride. 


a 2:1 mixture of n-propanol and 0.5 N hydrochloric acid. <A _ portion of 
this solution was passed through a starch column, 7.5 X 20 cm., and the 
ornithine located as before. The combined fractions were evaporated in 
vacuo almost to dryness. The residue was diluted with 2 n hydrochloric 
acid and evaporated in vacuo to a syrup. The residue was dissolved in 
warm aqueous ethanol and decolorized with carbon, and the hydrochloride 
was precipitated with pyridine. It was washed with cold absolute ethanol 
and recrystallized from aqueous ethanol; melting point 238-240° (with 
decomposition) compared to 230—232° for ornithine monohydrochloride. 
L-Ornithine hydrochloride was prepared from L-arginine hydrochloride for 
comparison. X-ray diffraction patterns of this material and that ob- 
tained from Chondrus were found to be identical (Fig. 2). 
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As yet we have not worked out a chromatographic procedure for the 
separation of citrulline on a preparative scale. 


DISCUSSION 


The distribution of amino acids in the proteins of Ascophyllum is similar 
tothat in Fucus. The recovery of nitrogen in the analysis of the Ascophyl- 
lum hydrolysate was 10 per cent lower than that for Fucus. This may 
have been due to a lower recovery throughout the entire analysis, since the 
majority of the amino acid values are at least 10 per cent lower than the 
corresponding values for Fucus. It is thus possible that the figures for 
Ascophyllum should approach more closely the values for Fucus. The 
presence of purines and pyrimidines from nucleoprotein is a possibility 
which is being investigated. 

The proteins of Rhodymenia and Ulva are also similar in over-all com- 
position, but the combined amino acids in these algae differ in distribution 
from that of the other three species. The arginine content is slightly higher 
than that of the brown algae. The basic amino acids predominate over 
the dicarboxylic acids, which is the reverse of the distribution in the brown 
algae. The proportion of alanine and glycine is higher, representing 15.4 
per cent of the nitrogen in the hydrolysate. 

The distribution of amino acids in U. lactuca resembles that in C. vulgaris, 
as determined by Fowden (11). The major differences are the higher 
levels of basic amino acids and of proline in Chlorella. It may be of some 
significance that the levels of the monoaminomonocarboxylic acids in 
algae and in land plants, such as the spermatophytes, are so similar. 

Chondrus is remarkable for its high content of arginine and for the pres- 
ence of citrulline and ornithine in acid hydrolysates of the insoluble ma- 
terial of this alga. The presence of these two amino acids in a combina- 
tion which is not soluble in 75 per cent ethanol is a distinctive finding. 
These amino acids have not been recognized heretofore as constituents of 
proteins. Ornithine occurs in the peptides, tyrocidine (gramicidin §S) at 
33 per cent (13, 22, 26), and bacitracin A at 10 per cent of the total nitro- 
gen (5, 17, 18). Any free amino acids or simple peptides should have been 
removed by the ethanolic extraction in our experiments; therefore the 
ornithine and citrulline detected must have been in a combined or insoluble 
state prior to hydrolysis. The presence of ornithine in cassava flour has 
been explained by the action of bacterial arginase on arginine during ret- 
ting in manufacture (3). Combined ornithine in gelatin has been proved 
to be formed from arginine residues by exposure to lime in the course of 
preparation (14). Citrulline has been estimated chromatographically as 
constituting 6.3 per cent of the total nitrogen extractable with 75 per cent 
ethanol from the moss Funaria hygrometrica (19). The occurrence of 
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arginase in plant tissues appears to be wide-spread, but its function js 
obscure. 

Since the amount of ornithine in Chondrus has been found to be relatively 
constant on repeated analysis, it seems probable that this amino acid must 
be regarded as a normal constituent of protein or of a complex decomposi- 
tion product in this alga insoluble in 75 per cent ethanol. The evidence 
for citrulline is less convincing, in that its presence is based entirely on 
chromatographic procedures. These have been repeated often enough with 
positive results to suggest that combined citrulline is also present in 
Chondrus in small amount. 

Attempts to fractionate and isolate the protein in Chondrus are in prog- 
ress at present. The insolubility of the greater portion has made purifica- 
tion difficult. Chromatographic analysis of the ethanolic extracts is also 
being carried out. 


SUMMARY 


The distribution of the combined amino acids in whole plants of five 
species of marine algae has been determined by quantitative chromatog- 
raphy after extraction with 75 per cent ethanol. The composition of amino 
acids in the brown algae, Ascophyllum nodosum and Fucus vesiculosus, was 
very similar. The distribution in the red alga, Rhodymenia palmata, and 
the green alga, Ulva lactuca, was also similar, but differed markedly from 
that in the brown algae. Chondrus crispus was distinctive for its high con- 
tent of arginine and for the presence of ornithine and citrulline in the acid 
hydrolysate of the insoluble material of the dried plant. 


We acknowledge the able technical assistance of Mr. F. G. Mason dur- 
ing the course of this investigation. 
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GLUTATHIONE REDUCTASE FROM BAKERS’ YEAST 
AND BEEF LIVER* 


By E. 


(From the Department of Microbiology, New York University College of 
Medicine, New York, New York, and the Department of Biochemistry, 
Yale University, New Haven, Connecticut) 


(Received for publication, May 16, 1955) 


The reduction of glutathione by a heat-labile system in liver was dis- 
covered by Hopkins and Elliott (1). Later Mann (2) obtained a soluble 
enzyme preparation from liver which required, for the reduction process, a 
cofactor and glucose as hydrogen donor. Meldrum and Tarr (3) found 
that oxidized glutathione was reduced by rat blood and by yeast and dem- 
onstrated the function of TPN! as a cofactor in this system. Hexose 
monophosphate was used as a hydrogen donor for the reduction of TPN. 
More recently Conn and Vennesland (4), Mapson and Goddard (5), and 
Rall and Lehninger (6) demonstrated the presence of glutathione reductase 
in wheat germ, pea seeds, and liver and showed that, in all instances, TPN 
was an obligatory cofactor and that DPN was inactive. 

In the present communication the preparation of glutathione reductase 
from yeast and the partial purification of this enzyme from beef liver are 
reported. Under suitable conditions both enzyme preparations were 
found to be active with DPN as well as TPN as the coenzyme. 

The reaction with reduced DPN is considerably slower than that with 
reduced TPN ; it is stimulated by phosphate and inhibited by some other 
ions. 


Results 


Effect of Phosphate and Other Salts on Reduction of Oxidized Glutathione— 
When GSSG, TPN, or DPN and a suitable hydrogen donor system were 
added to a well dialyzed extract of dried bakers’ yeast or to a partially 
purified preparation of yeast glutathione reductase, reduced glutathione 
was formed. Whereas in the presence of TPN as hydrogen transfer agent 


*This work was supported by a grant (G-3659) from the National Institutes of 
Health, United States Public Health Service, Bethesda 14, Maryland. 

t Present address, The Public Health Research Institute of The City of New 
York, Inc., Foot of East 15th Street, New York 9, New York. 

'The following abbreviations are used in this paper: TPN and TPNH for oxi- 
dized and reduced triphosphopyridine nucleotides; DPN and DPNH for oxidized 
and reduced diphosphopyridine nucleotides; GSSG and GSH for oxidized and re- 
duced glutathione; ATP for adenosine triphosphate. 
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the reduction of GSSG was not influenced to a significant extent by the 
presence of phosphate or other salts, the DPN-linked system was markedly 
affected by these salts. 

As shown in Table I, in the presence of DPN as cofactor, both phosphate 
and arsenate stimulated the reduction of glutathione, while marked inhi. 
bitions were observed with other salts, such as sodium chloride (potassium 
chloride, ammonium and sodium sulfate act similarly). A dependence of 
the reaction on the presence of a hydrogen donor system is also demon- 
strated in Table I. Since no comparable effects were observed when TPN 
was used as a hydrogen carrier, the possibility was considered that two 


TABLE I 


Stimulation of Glutathione Reduction by Phosphate and Arsenate; 
Inhibitory Effect of Sodium Chloride 


The complete system contained, per ml., 50 wmoles of glycylglycine, pH 7.6, 30 
zmoles of ethyl! alcohol, 50 y of aleohol dehydrogenase, 1 umole of DPN, 50 wmoles 
of potassium phosphate or arsenate, pH 7.6, 0.05 ml. of a partially purified yeast 
reductase preparation (Step 3), and 200 y of oxidized glutathione. 50 ymoles of 
sodium chloride were added to demonstrate the inhibition. The centrifuge tubes 
were incubated for 10 minutes at 37°, and glutathione was determined as described 
under ‘‘Materials and methods.”’ 


GSH, vy per ml. 


Complete system with phosphate........................ 120 
Arsenate instead of phosphate........................... 80 


Complete with sodium chloride.......................... | 40 


separate enzymes, one DPN-linked, the other TPN-linked, are present in 
the crude yeast extract. However, the preparative procedure of the en- 
zyme, to be described below, which resulted in a more than 250-fold puri- 
fication over the crude extract, failed to separate the two activities. 
Attempts were therefore made to elucidate the mechanism of the phos- 
phate stimulation and sulfate inhibition. It was quite obvious that the 
latter did not inactivate the enzyme, since preparations stored in 50 per 
cent saturated ammonium sulfate solutions for several months were re- 
activated after removal of the salts by dialysis. A protective effect of 
phosphate against inactivation was also ruled out. It can be seen from 
Table II that there is only slight inactivation of an enzyme preparation 
incubated for 20 minutes at 37°, and there is no evidence for a protective 
action by addition of phosphate. It should also be pointed out that the 
stimulatory effect of phosphates is independent of the cation used, since 
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potassium, ammonium phosphate, and sodium phosphate were all equally 
effective. 

In the majority of experiments reported in this paper, alcohol, in the 
presence of alcohol dehydrogenase, was used as hydrogen donor to reduce 
DPN, and glucose-6-phosphate with glucose-6-phosphate dehydrogenase 
was used to reduce TPN. To demonstrate conclusively that the salt 
affected the glutathione reductase and not the reduction of the coenzymes, 
glucose dehydrogenase was selected as a hydrogen donor system, since it 
was capable of transferring hydrogens to DPN as well as TPN. It was 
found that either DPN or TPN can be used as hydrogen carrier from glu- 
cose to glutathione, and that only the DPN-linked system is inhibited by 
moderate concentration of sodium chloride (Table III). 


TABLE II 
Stability of Glutathione Reductase in Presence and Absence of Phosphate 


The enzyme preparation used in this experiment was a crude dialyzed extract of 
dried yeast. 0.1 ml. of this extract was diluted to 0.5 ml. either with distilled water 
or with 0.1 M potassium phosphate buffer, pH 7.6. After incubation at 37° for 20 
minutes the solution required for the DPN-linked test system (see Table I) was 
added, and GSH was measured after incubation for 10 minutes at 37°. 


GSH, y per ml. 
Treatment of enzyme 
Tested with Tested without 
phosphate phosphate 
Incubated 20 min. at 37° without phosphate... .... 125 38 
20 37° with phosphate.......... 125 


Purification of Yeast GSSG Reductase. Step 1—Preparation of yeast ex- 
tracts from 300 gm. of dried bakers’ yeast was carried out as described 
previously (7). 

Step 2—Fractionation of the heated extract with acetone was carried out 
as for alcohol dehydrogenase (7), but the first precipitate after the addition 
of 0.5 volume of acetone was collected. This precipitate was extracted for 
20 minutes with about 100 ml. of 0.01 mM potassium phosphate, pH 7.4, and 
centrifuged. (These and the following steps were carried out at a temper- 
ature near 0° unless stated otherwise.) 

Step 3—The supernatant solution was adjusted to pH 5.9 with 0.2 n 
acetic acid, and for each 100 ml. of solution 20 ml. of 95 per cent ethyl 
alcohol were slowly added at —3° (in an aleohol-dry ice bath) and centri- 
fuged at —3° in a refrigerated centrifuge (10 minutes at 15,000 X g). The 


precipitate was dissolved in 30 ml. of 0.05 mM potassium phosphate buffer, 
pH 7.6. 
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Step 4—5 ml. of 2 per cent protamine sulfate (Nutritional Biochemicals 
Corporation) were added, and the precipitate was centrifuged. The super. 
natant solution was adjusted carefully to pH 5.5 with 0.1 N acetic acid, 
For each 10 ml. of solution, 2 ml. of 95 per cent ethyl alcohol were added, 
the solution being kept at —3° in an alcohol-dry ice bath. The mixture 
was centrifuged at —3° and the precipitate taken up in 10 ml. of H.0, 

Step 5—The pH of the solution was adjusted to 5.6, and 0.2 volume of 
calcium phosphate gel (20 mg. per ml.) was added. The mixture was cen- 
trifuged and the gel washed once with 5 ml. of H.O, then eluted three times 
at room temperature with 3 ml. of 0.05 mM potassium phosphate, pH 7.6. 


TaBLeE III 


Effect of Salts on Glutathione Reduction with Glucose Dehydrogenase and 
Glucose As Hydrogen Donor System 

The system contained, per ml., 50 wmoles of tris(hydroxymethyl)aminomethane 
(Tris) buffer, pH 7.6, 250 umoles of glucose, 400 y of oxidized glutathione, 1.2 mg. 
of glucose dehydrogenase, 1 umole of DPN or 0.1 wmole of TPN, 40 y of a partially 
purified preparation of yeast GSSG reductase, 50 ymoles of potassium phosphate, 
pH 7.6 (where indicated), and 100 ywmoles of sodium chloride (where indicated). 
The test was carried out as described in Table I. 


| GSH, y per ml. 
| 
Phosphate buffer and DPN.............................. | 114 
baller amd TEN....... 250 


Step 6—To the combined eluates, 2.8 gm. of solid dibasic ammonium 
phosphate were added per 10 ml. of solution, and the precipitate was cen- 
trifuged. To the supernatant solution, 1 additional gm. of ammonium 
phosphate per 10 ml. was slowly added, and the mixture was allowed to 
stand in an ice bath for 1 hour. The erystalline material was collected by 
centrifuging at 16,000 X g for 20 minutes. A typical protocol, showing 
data on the specific activity of the various fractions and the yield obtained, 
is given in Table IV. — 

It should be pointed out that some variation in the activity of crude ex- 
tracts from different batches of yeast has been obtained, and it is essential 
to start with active extracts. Steps 1, 2, and 3 are quite reproducible, but 
in Step 4 the amount of protamine which can be used without encountering 
severe losses in activity varies from 3 to 7 ml. of a 2 per cent solution. It 
is essential, however, to remove most of the nucleic acid at this step, and 
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losses up to 25 per cent are acceptable. Variation in Step 5 may also be 
encountered, depending on the properties of the caleitum phosphate gel. 
This, in fact, is the case in all procedures involving the use of aged gels. 
In case of difficulties in elution, 0.1 M phosphate buffers can be used. 
Properties of Yeast Glutathione Reductase—Purified preparations of glu- 
tathione reductase from yeast are relatively stable if kept frozen at —20°. 
One preparation of 35 per cent purity (compared to the best preparations 
obtained to date) which was stored in 0.05 m phosphate buffer lost about 
half its activity during a period of 22 months storage in the deep freeze. 
However, in dilute solution rapid surface denaturation occurs. For the 
more sensitive spectrophotometric method with reduced TPN, the addition 
of serum albumin as a protecting agent is essential. For example, an en- 


TABLE IV 
Purification of Yeast GSSG Reductase 

Units® per ml. a Total units 
Ist acetone ppt.......... 41,000 2,100 4,100,000 
96, 000 6,000 2,880,000 
CE 270,000 170, 000 810,000 

* The spectrophotometric test with TPNH was used for these assays. 1 unit of 


enzyme is defined as a change in log J»/J of 0.001 per minute under the above condi- 
tions. Specific activity is expressed as units of enzyme activity per mg. of protein. 


zyme preparation diluted in potassium phosphate buffer, pH 7.6, was found 
to contain 5600 units per ml., whereas, when it was diluted in a solution 
containing buffer as well as 500 y of bovine serum albumin per ml., it 
assayed at 18,000 units per ml. When 1 mg. of serum albumin was also 
added to the test system in the Beckman cell, the assay was 26,000 units 
per ml. The enzyme is rapidly inactivated when heated at temperatures 
above 60°. Although some losses occur during dialysis of the enzyme, no 
evidence for a coenzyme was obtained. <A determination of the optimal 
concentration of the components of the test system for the reductase re- 
vealed the need for relatively high concentrations of DPN and also the in- 
hibitory action of larger amounts of oxidized glutathione. This latter find- 


ing varied with different preparations of oxidized glutathione and may be 
partly due to an impurity in the preparations of oxidized glutathione. An 
inhibitory effect of GSSG was not noticed with TPN as coenzyme. The 
enzyme can be treated for 20 minutes with 10-* m sodium iodoacetate. 
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After brief dialysis it was found that little or no inactivation due to iodo. 
acetate had occurred. 

Purification of Liver Glutathione Reductase—Frozen beef liver, stored in 
the deep freeze at —20°, was used as starting material. Acetone-dried 
powders were prepared as described previously (8). The extraction of the 
enzyme with water and fractionation with alcohol were the same as for 
aldehyde dehydrogenase, except that the first alcohol precipitate was col- 
lected and found to contain most of the reductase activity. The second 
step of purification consisted of isoelectric precipitations. First the frae- 
tion was adjusted to pH 6.5 to 6.6, and the precipitate was discarded. The 
supernatant solution was brought to pH 5.8 by the slow addition of 0.1 x 
acetic acid while the mixture was kept in an ice bath. After 20 minutes the 
precipitate was collected and dissolved with dilute alkali (final pH of 7.0). 


TABLE V 
Purification of Liver GSSG Reductase 


“Units* per mi. Specific, Total units 
| | 
Crude extract (540 ml.)..................... 15,000 280 | 8,100,000 
Ist aleohol ppt. (100 37,000 3,700, 000 
pH 5.8, isoelectric ppt. (25 ml.)............ 92,000 3500 2,300,000 


* Units and specific activity as in Table IV. 


The precipitation of the enzyme between pH 6.5 and 5.8 was repeated 
several times without undue losses of enzyme activity. 

A typical protocol for the purification of the liver enzyme is given in 
Table V. 

Properties of Liver Glutathione Reductase—The liver enzyme like the 


yeast enzyme reacts much more rapidly with TPN than with DPN. Glu- | 


tathione reductase from liver can be precipitated at pH 5.8, while the yeast 
enzyme is completely soluble at this pH. The liver enzyme appears less 
sensitive to the inhibitory action of sodium chloride, but is markedly in- 
hibited by 0.05 m sodium azide. The enzyme preparations with the highest 
specific activity obtained show the typical absorption spectrum of a pro- 
tein, with a pronounced band at 410 mu, indicating the presence of a 
porphyrin. The possibility that this band might be due to an impurity 
cannot as yet be ruled out. 

Coupling of Glutathione Reductase to Other Enzyme Systems—Glutathione 
reductase which is readily obtained from yeast in concentrated and purified 
solutions, as outlined above, is useful in following the course of other hy- 
drogen transfer reactions. Its use for determination of the thiol hydrogen 
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transferase will be described in the following paper. The reductase can be 
conveniently used for the determination of dehydrogenase reactions which 
are not suitable for spectrophotometric tests. In the presence of excess 
glutathione reductase and limiting amounts of hydrogen donor system good 
proportionality between glucose dehydrogenase concentration and gluta- 
thione reduction has been obtained (Fig. 1). 


90 GRAMS PROTEIN 
0.2- 


900 wGRAMS PROTEIN 
DPNH | 


L0G 42 PER MINUTE (AT 340 mu) 


L 
0 100 200 300 0 180 360 540 720 900 
GRAMS GLUCOSE DEHYDROGENASE uGRANS GLUTATHIONE REDUCTASE (LIVER) 
Fic. 1 Fia, 2 


Fig. 1. Determination of glucose dehydrogenase coupled to GSSG reductase. 
Experimental conditions essentially as in Table III, except that an excess of reduc- 
tase (300 7) and a limiting amount of glucose dehydrogenase were used. 

Fig. 2. Spectrophotometric determination of GSSG reductase (liver). 


DISCUSSION 


It has been shown in the experiments described above that glutathione 
reductase from bakers’ yeast and from beef liver react with both TPNH 
and DPNH. The peculiar properties of the enzyme in the reaction with 
DPNH help to explain why previous investigators have failed to observe 
this reaction. A stimulation by phosphate buffer, an inhibition by various 
other salts, and a low affinity for the DPNH are among the major factors 
which may have obscured the reaction. While at high nucleotide concen- 
trations, with glucose as hydrogen donor, the rates with DPN and TPN 
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are of the same order of magnitude, at low concentrations, as in spec. 
trophotometric tests, over 100-fold differences in activity between DPN] 


and TPNH can be observed (see Fig. 2). Nevertheless, it is quite feasible } 


to measure the reaction with DPNH spectrophotometrically and, under 
comparable conditions, very good agreement with the colorimetric test hag 
been obtained. 


The pronounced stimulation of DPN-linked reduction of glutathione by } 


phosphate has been investigated by several approaches. The possibility 
of a participation of phosphate in the DPN-linked reaction was entertained 
in terms of a phosphorolytic cleavage of the S—S bond. Experiments 
were designed to explore this possibility by using P*®-labeled inorganic 
phosphate with ATP added to the reaction mixture. With partially pun- 
fied preparations of glutathione reductase it was found that P® was rapidly 
incorporated into ATP, which was separated on a Dowex column, according 
to Cohn (9). Residual fermentation in the partially purified preparation 
may have been responsible, since highly purified preparations of glutathione 
reductase did not catalyze the incorporation of P® into ATP. On the 
other hand, the fact that incorporation of P® into ATP was stimulated by 
oxidized glutathione and by alcohol lent support to the thesis that the in- 
corporation of P® was at least partly due to a mechanism other than fer- 
mentation. 

The possible réle of glutathione reductase has been discussed in previous 
publications (4-10). The usefulness of glutathione reductase for the de- 
tection of nucleotide-linked dehydrogenases in systems containing active 
reductase activity has been pointed out by Vennesland (10). The addition 
of an excess of purified glutathione reductase has been shown in this paper 
to facilitate the quantitative aspect of this method. However, it should 
be pointed out that side reactions leading to disappearance of reduced 
glutathione have been encountered in crude extracts and precautionary 
procedures, e.g. anaerobic conditions, may be required with some prepa- 
rations. Glutathione reductase, linked to ‘‘malic’’ enzyme, has been used 
for a very sensitive assay of TPN, and has also been used in the Hill reaction 
(cf. (10)). 

Finally, it may be mentioned that glutathione reductase can serve as a 
specific reagent for the quantitative estimation of oxidized glutathione (11). 


Materials and Methods 


Substrates and Coenzymes—GSH and GSSG were obtained commercially 
from the Schwarz Laboratories, Inc. Small batches of GSSG were also 
prepared by oxidation of reduced GSH either with hydrogen peroxide or 
by aeration at alkaline pH in the presence of catalytic amounts of iron 
salts. TPN ‘80” was obtained from the Sigma Chemical Company; DPN 
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was prepared in this laboratory and was assayed enzymatically to be 67 
per cent pure. Reduced DPN was prepared according to Ohlmeyer (12) 
and reduced TPN according to Kaplan ef al. (13). Glucose-6-phosphate 
was prepared according to Levene and Raymond (14). Tris(hydroxy- 
methyl)aminomethane was obtained from the Sigma Chemical Company. 

Auziliary Enzymes—Alcohol dehydrogenase was prepared from bakers’ 
yeast (7), glucose-6-phosphate dehydrogenase from brewers’ yeast (15) and 
stored in solution in the deep freeze. Glucose dehydrogenase from beef 
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liver (16) was kindly supplied by Dr. H. J. Strecker. Glyoxalase I was 
prepared as described previously (17). 

Colorimetric Determination of Reduced Glutathtone—The formation of re- 
duced glutathione was measured by the nitroprusside test essentially as 
described by Grunert and Phillips (18), except that the final volume was 
reduced to 2.5 ml. With active preparations of glutathione reductase 
there was no need to deproteinize the samples, and the DPN-catalyzed 
reaction was effectively stopped by saturation with sodium chloride. A 
tube to which all reagents except DPN or oxidized glutathione were added 
served as control. 

Enzymatic Assay of Glutathione—Reduced glutathione was determined by 
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the glyoxalase test as described previously (17) or by a spectrophotometric 
assay with glyoxalase I. 

Spectrophotometric Test for Glutathione Reductase—In a final volume of 
1 ml. (micro cells for the Beckman DU spectrophotometer) 50 umoles of 
potassium phosphate, pH 7.6, 0.1 umole of reduced TPN, 1 mg. of bovine 
serum albumin, glutathione reductase (diluted in 0.05 m phosphate buffer 
containing 500 y of bovine serum albumin per ml.) and 3.3 umoles of 
oxidized glutathione were mixed. The reoxidation of reduced TPN was 
followed at 340 mu in a Beckman spectrophotometer at 30 second inter- 
vals. Satisfactory proportionality was obtained between enzyme concen- 
tration and rate of TPNH oxidation (Fig. 2). 

Colorimetric Test for Glutathione Reductase—The test system contained, 
per ml., 300 umoles of ethyl alcohol, 50 umoles of potassium phosphate, 
pH 7.6, 1 umole of DPN, about 100 y of alcohol dehydrogenase, and 300 y 
of oxidized glutathione. The mixture was warmed to 37°; after addition 
of the enzyme to be tested, it was kept at that temperature for 10 minutes 
and then assayed for reduced glutathione colorimetrically. Proportion- 
ality between enzyme concentration and colorimetric units was not quite 
as satisfactory as with the spectrophotometric test, but suitable within a 
fairly limited range of enzyme concentration (Fig. 3). 

Protein Determinations—Protein concentrations were measured spectro- 
photometrically at 280 mu. Corrections for nucleic acids were made ac- 
cording to Warburg and Christian (19). With crude preparations the 
quantitative biuret test was used (20). 


SUMMARY 


1. Glutathione reductase has been purified from bakers’ yeast and beef 
liver, and its properties are reported. 

2. The purified enzymes can catalyze the hydrogen transfer from both 
DPNH and TPNH, but more rapidly with the latter. 

3. The DPN-linked transfer of the yeast enzyme is very sensitive to the 
inhibitory action of salts such as sodium or potassium chloride and is stimu- 
lated by phosphates. The TPN-linked reaction is not affected by these 
salts. 

_ 4. The usefulness of a purified preparation of glutathione reductase for 
enzyme studies and glutathione determination is discussed. 
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GLUTATHIONE-HOMOCYSTINE TRANSHYDROGENASE* 


By E. RACKERfT 


(From the Department of Biochemistry, Yale University, New Haven, 
Connecticut) 


(Received for publication, May 16, 1955) 


In the course of studies on the reduction of oxidized glutathione by liver 
GSSG reductase,! a number of other S—S compounds were encountered 
which were reduced in the presence of crude liver extracts. Among several 
S—S compounds tested (1), homocystine was the most active hydrogen 
acceptor, while cystine was inactive. Even with homocystine as acceptor, 
the reaction proceeded quite slowly as compared to glutathione reduction. 

An analysis of the homocystine-reducing system revealed the partici- 
pation of several heat-labile components and the requirement for catalytic 
amounts of glutathione. Homocystine reduction was shown to consist of 
three coupled reactions. 


(1) Hydrogen donor + TPN (or DPN) — TPNH (or DPNH) + Ht 
(2) GSSG + TPNH (or DPNH) + H+ — 2 GSH + TPN (or DPN) 
(3) GSH + homocystine @ GSSG + homocysteine 


It is the purpose of this paper to describe in detail the system for the 
reduction of homocystine in liver and to report the occurrence of a new 
type of enzyme which catalyzes the hydrogen transfer from an SH to an 
S—S compound. 


Results 


Effect of Crude Coenzyme Concentrates and Glutathione on Homocystine 
Reduction—Crude extracts of acetone-dried preparations of beef liver were 
found to contain an enzyme which catalyzed the reduction of homocystine. 
After fractionation of the extract with alcohol by a procedure used for the 
purification of liver glutathione reductase (2), the activity with homo- 
cystine as hydrogen acceptor was completely lost. Addition of a crude 
coenzyme concentrate (Armour) restored the activity. The crude coen- 


* This work was supported by a grant (G-3659) from the National Institutes of 
Health, United States Public Health Service, Bethesda 14, Maryland. 

t Present address, The Public Health Research Institute of The City of New 
York, Inc., Foot of East 15th Street, New York 9, New York. 

'The following abbreviations are used in this paper: TPN and TPNH for oxi- 
dized and reduced triphosphopyridine nucleotides; DPN and DPNH for oxidized 
and reduced diphosphopyridine nucleotides; GSSG and GSH for oxidized and re- 
duced glutathione. 
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zyme concentrate was also found to increase the activity of some crude 
extracts by several fold, as shown in Table I. Neither DPN nor TPN, 
singly or together, could replace the crude coenzyme preparation. Paper 
chromatography and a fractionation of the crude coenzyme concentrate on 
Dowex 1 revealed the presence of a compound in the active fractions which 
gave a positive nitroprusside test after treatment with cyanide. The com. 
pound was identified as oxidized glutathione by its Rr value on paper chro- 
matograms with phenol as solvent and by the enzymatic test with purified 
glutathione reductase (3), which was carried out on a sample eluted from 
paper. It was then demonstrated that GSSG, together with DPN (or 


TABLE I 
Effect of Coenzymes on Homocysteine Formation 
The complete system contained, per ml. of solution, 30 umoles of dibasic ammo- 
nium phosphate, 1 mg. of crude coenzyme concentrate (Armour), 2.6 mg. of a liver 
extract (from acetone-dried powder), and 0.7 umole of homocystine. In the last 
experiment, DPN (0.2 umole) and GSSG (0.05 ymole) were added instead of the co- 
enzyme concentrate. After 30 minutes incubation at 37°, the mixtures were ana- 
lyzed for SH groups by the nitroprusside test. 


Homocysteine* 
y per ml. 
Coenzyme eoncentrate omitted.......................... 4 
DPN and GSSG instead of coenzyme concentrate........ 36 


* Corrected for the colorimetric readings (due to GSH) of the controls without 
homocystine. 


TPN), substituted very effectively for the crude coenzyme concentrate 
(see Table I). 

Several possible interpretations of the rdle of GSSG and DPN (or TPN) 
on homocystine reduction were considered. These were (1) a reduction of 
GSSG to GSH by DPNH or TPNH, followed by a non-enzymatic hydrogen 
transfer to homocystine, (2) a requirement for non-specific SH groups (gen- 
erated by GSSG reductase) by a nucleotide-linked homocystine reductase, 
and (3) a transhydrogenation reaction. After a few steps of purification, 
it became apparent that, in addition to a hydrogen donor system, two 
separable and heat-labile fractions participated in the reaction. Purified 
glutathione reductase from yeast was found to substitute effectively for one 
of the fractions, while the second fraction was shown to be an enzyme 
catalyzing the hydrogen transfer from GSH to homocystine. The effect 
of the hydrogen donor system and of glutathione reductase on the partially 
purified system is shown in Table II. A more complete dependence on 
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glutathione reductase was achieved even in crude preparations by removal 
of GSSG reductase at pH 5.8, as described in the preceding paper (2). 

Although the above experiments demonstrated the requirement for the 
glutathione reductase system and for catalytic amounts of glutathione, a 
stimulation of a nucleotide-linked homocystine reductase by glutathione 
could still account for the data. To demonstrate a hydrogen transferase 
action more directly, the reverse reaction was investigated. 

Demonstration of Reversibility of Transhydrogenase Action—As shown in 
Table III, partially purified preparations of the GSH-homocystine trans- 
hydrogenase from liver catalyzed the formation of GSH and homocystine 


TABLE IT 
Components of Homocystine Transhydrogenase System 
The complete system contained, per ml. of solution, 30 umoles of dibasic ammo- 
nium phosphate, 0.2 uymole of DPN, 40 7 of GSSG, 100 umoles of alcohol, 200 7 of 
alcohol dehydrogenase, 547 of GSSG reductase, 0.7 zmole of homocystine, and 1.1 mg. 
of partially purified transhydrogenase. After 30 minutes at 37°, the mixture was 
analyzed for homocysteine colorimetrically. 


| 


Homocysteine* 


y per ml. 
Alcohol dehydrogenase 7 
GSSG reductase 13 


* Corrected for the colorimetric readings (due to GSH) of the controls without 
homocystine. 


from GSSG and homocysteine. Glutathione was measured with purified 
glyoxalase preparations (4). Homocysteine disappearance was measured 
spectrophotometrically, as described below. A fairly large amount of re- 
duced glutathione was formed in the absence of any enzyme, an observation 
not surprising in view of the relatively large amounts of reductant used in 
these experiments. The enzyme preparation was free of DPN, as shown 
by a complete dependence of the forward reaction on DPN when alcohol 
was used as hydrogen donor (see Table II). These experiments therefore 
clearly demonstrate an enzymatically catalyzed transfer reaction between 
sulfhydryl compounds in the absence of the pyridine nucleotide coenzymes 
which were used in the test for the forward reaction. 

Spectrophotometric Determination of Homocysteine Formation—In view of 
the non-specificity of the nitroprusside test which was used for measure- 
ment of homocysteine formation, it was thought desirable to make use of 
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an alternative and more specific method. Riegel and du Vigneaud (5) 
have shown that homocysteine forms an inner thiol ester in the presence 
of strong acids. The pronounced absorption of ultraviolet light by thiol 


TaBLeE III 
Reversal of Hydrogen Transferase Reaction 

The complete system contained, per ml. of solution, 30 zmoles of dibasic ammo. 
nium phosphate, 2.9 mg. of a partially purified preparation of transhydrogenase, 
200 » of GSSG, and 100 y of pt-homocysteine. The mixtures were incubated for 30 
minutes at 37°, deproteinized with an equal volume of 8 per cent metaphosphoric 
acid, and analyzed for GSH with glyoxalase and for homocysteine spectrophoto- 
metrically (see ‘‘Materials and methods’’). 


pmole per ml. umole per ml. oe, 
Homocysteine omitted...................... 0.03 


* Corrected for the blank disappearance in the absence of GSSG. 


TaBLE IV 
Methionine Formation from Homocystine in Presence of Transhydrogenase 
System 

The complete system contained, in a final volume of 1 ml., 50 zmoles of potassium 
phosphate buffer, pH 7.7, 500 7 of homocystine, 3 mg. of betaine, the hydrogen donor 
system as listed in Table II, and 0.5 ml. of a crude horse liver extract (fresh liver 
was extracted with 5 volumes of 0.1 mM potassium phosphate buffer, pH 7.7). The 
mixture was incubated for 90 minutes at 37°, then deproteinized with 5 per cent 

trichloroacetic acid, and analyzed for methionine. 


Methionine 

per ml. 
Hydrogen donor system omitted......................... 11 
Complete system, zero time............................. 5 
Homocysteine instead of homocystine................... 69 


esters (cf. (1)) was found to be exhibited also by the inner thiol ester of 
homocysteine and was used for its quantitative determination (see ‘‘Ma- 
terials and methods”). With pure homocysteine solutions the method was 
quite sensitive and suitable for the determination of a few micrograms of 
homocysteine (Fig. 1). In experiments, in which homocysteine was added 
to liver fractions, it was found that for satisfactory recovery somewhat 
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higher concentrations of homocysteine had to be used and corrections had 
to be made for the absorption due to the liver fractions (see Fig. 1). 

Transmethylation Linked to Transhydrogenase System—lIn the liver of 
yarious animals, an enzyme has been described (6) which catalyzes the 
methyl transfer from methyl donors, such as betaine, to homocysteine. 
In experiments of Table IV, a crude horse liver extract was used to demon- 
strate the rdle of the transhydrogenase system in regenerating the SH 
group of homocysteine which is required for transmethylation. As can be 
seen from Table IV, homocystine can substitute for homocysteine, provided 
that an actively reducing transhydrogenase system is present. 


DISCUSSION 


There is ample evidence that sulfhydryl compounds play a multiple and 
important réle in intermediary metabolism. Of these sulfhydryl com- 
pounds, which are rather easily oxidized, glutathione is the major com- 
ponent found inside cells. Most of these cells contain specific enzymes 
which catalyze the reduction of oxidized glutathione. An enzyme-cata- 
lyzed reaction which transfers hydrogen from glutathione to homocystine 
has been described in this paper. Evidence is available also that other 
S—S compounds are reduced by liver preparations (1). For example, the 
reduction of oxidized coenzyme A is catalyzed by a partially purified prep- 
aration of transhydrogenase, which is inactive with cystine. Since these 
preparations are quite crude, it cannot be stated whether the same enzyme 
reacts with several S—S compounds or whether several enzymes are respon- 
sible for these hydrogen transfers. 

Since a hydrogen transfer from SH to S—S compounds is known to occur 
spontaneously, one may wonder about the physiological réle of enzymes 
which catalyze this reaction. It can be pointed out that at low concen- 
trations of reactants the spontaneous transfer is quite slow, and under such 
conditions the enzyme has a very pronounced effect on the rate of the re- 
action. For example, under the experimental conditions of the assay test 
for transhydrogenase, as described in this paper, only traces of homo- 
cysteine are added in the absence of the enzyme. 

Specific functions in intermediary metabolism have been ascribed to 
homocysteine. Its rédle in transmethylation and transsulfuration reactions 
is well established. It was shown in this paper that, in the presence of the 
transhydrogenase system, homocystine can substitute for homocysteine in 
transmethylation reactions. It has been suggested (7) that vitamin By2 
may play a réle in the maintenance of the SH group of homocysteine which 
is required for transmethylation. The effect of vitamin B,2 on partially 
purified preparations, which had lost considerable activity during the puri- 
fication and dialysis procedure, was therefore explored. No effect of vita- 
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min By: on the transhydrogenase activity could be detected under the con- 
ditions of the test. 

The inactivation of the transhydrogenase by mild procedures, such as 
ammonium sulfate fractionation at 0°, which has been observed in the 
course of this work, seems to point to a rather labile or readily dissociable 
active center of the enzyme. It is of some practical interest that ammo- 
nium phosphate, which has been rather neglected as a salting out agent, has 


0.9 
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HOMOCYSTEINE 


HOMOCYSTEINE RECOVERED 
FROM LIVER FRACTION 


' 0 10 20 30 40 90 60 10 80 
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Fig. 1. Spectrophotometric determination of homocysteine 


proved quite suitable as a substitute for ammonium sulfate (see ‘Materials 
and methods’’) without leading to inactivation of the enzyme. 


Materials and Methods 


Substrates, Coenzymes, and Auxiliary Enzymes—pui-Homocysteine and 
DL-homocystine were generously supplied by Dr. J. Stekol. The other 
preparations were obtained commercially as described in the preceding 
paper (2). 

Quantitative Determination of Sulfhydryl Compounds—The nitroprusside 
test and enzymatic assay of glutathione were carried out as described in the 
preceding paper (2). 

Spectrophotometric Assay of Homocysteine, Recovery Experiments with Liver 
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Preparations, and Assay of Transhydrogenase—2.5 ml. of concentrated hy- 
drochloric acid were added to 0.5 ml. of sample (containing 5 to 60 y of 
homocysteine in 4 per cent metaphosphoric acid). ‘The mixture was placed 
for 5 minutes in a boiling water bath, then cooled to room temperature, 
and read at 240 my in a Beckman DU spectrophotometer. The propor- 
tionality between homocysteine concentration and reading can be seen in 
Fig. 1, in which recovery data are also recorded. In these experiments the 
homocysteine samples were mixed with a partially purified preparation of 
transhydrogenase from liver, deproteinized with 4 per cent metaphosphoric 
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Fic. 2. Relation of transhydrogenase concentration to formation of homocysteine 


acid, and then assayed for homocysteine, as described above. Corrections 
were made for absorption due to absorbing material in the deproteinized 
liver fraction. As can be seen, the recovery data were not satisfactory 
when less than 40 y of homocysteine was used. 

In Fig. 2, the use of this method for the assay of transhydrogenase is 
recorded and proportionality between enzyme concentration and homo- 
cysteine formation is demonstrated. In these experiments, the following 
experimental conditions were used. In a final volume of 1 ml., the com- 
plete system was the same as that described in Table IT, except that 80 y 
of GSSG were employed. After 30 minutes incubation at 37°, the mixture 
was deproteinized with 4 per cent metaphosphoric acid and analyzed for 
homocysteine spectrophotometrically. 
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Preparation of Liver Transhydrogenase—The enzyme was difficult to 
purify and considerable losses were encountered during fractionations, 
particularly with ammonium sulfate. For most experiments a rather crude 
preparation of transhydrogenase was used, which had been fractionated 
with ammonium phosphate as follows: An extract from acetone-dried beef 
liver was obtained as described previously (8). An equal volume of 3 y 
dibasic ammonium phosphate was added, the mixture was centrifuged for 
20 minutes at 2° at 13,000 * g, and the precipitate discarded. For each 
100 ml. of supernatant solution, 15 gm. of solid dibasic ammonium phos- 
phate were added, and the mixture was centrifuged as above. The precip- 
itate was collected in a small volume of water (to yield a solution with a 
final protein concentration of about 50 mg. per ml.) and stored at —20°, 


SUMMARY 


1. An enzyme has been found in liver which catalyzes a hydrogen trans- 
fer from glutathione to homocystine. 

2. A spectrophotometric method for the determination of homocysteine, 
based on the formation of the inner thiol ester in strong acids, is described. 

3. The physiological réle of this enzyme is discussed. 
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BIOSYNTHESIS OF THE PURINES 


VII. SYNTHESIS OF NUCLEOTIDES FROM BASES BY PARTIALLY 
PURIFIED ENZYMES* 


By EDWARD D. KORN,t CHARLES N. REMY,{} HALINE C. WASILEJKO, 
AND JOHN M. BUCHANAN 
(From the Department of Physiological Chemistry, School of Medicine, University of 
Pennsylvania, Philadelphia, Pennsylvania, and the Division of Biochemistry, 
Department of Biology, Massachusetts Institute of Technology, 
Cambridge, Massachusetts) 


(Received for publication, November 17, 1954) 


Evidence has been presented by several laboratories which links three 
enzymatic reactions together in a scheme in which ribotides are formed 
from ribose-1-phosphate (or ribose-5-phosphate), base, and adenosine tri- 
phosphate (ATP). The sequence of these reactions involving the nucleo- 
side as an intermediate is shown in Scheme I, Diagram 1. By this mecha- 
nism it is theoretically possible to convert adenine (2, 3), 2 ,6-diaminopurine 
(2, 3), and 4-amino-5-imidazolecarboxamide (2, 4) into their respective 
ribotides. At present, the identification of kinases which clearly phos- 
phorylate guanosine, inosine, xanthosine, and nicotinamide riboside to 
their ribotides has not been reported, although all three ribosides may be 
formed from their bases and ribose-1-phosphate (5-8). 

The experiments of Williams and Buchanan (9) and of Korn and Bu- 
chanan (1) demonstrated, however, that the synthesis of inosinic acid from 
hypoxanthine in pigeon liver extracts did not occur by such a mechanism 
(Scheme I), since the nucleoside, inosine, was not an intermediate of the 
reaction. They postulated a scheme for a ‘direct reaction” of hypoxan- 
thine with a phosphorylated ribose compound to form inosinic acid (Scheme 
Il). The present series of papers reports in detail work done in this labo- 
ratory to elucidate this enzymatic system responsible for the synthesis of 


* A preliminary report of this work has been published (1). This work has been 
supported by grants-in-aid from the American Cancer Society, from the National 
Cancer Institute, National Institutes of Health, United States Public Health Serv- 
ice, and the Damon Runyon Memorial Fund for Cancer Research, Inc. C™ was 
allocated by the Atomic Energy Commission. 

t Research Fellow of the Damon Runyon Memorial Fund for Cancer Research, 
Inc. (1952-53). Present address, National Heart Institute, National Institutes of 
Health, Bethesda, Maryland. 

t Fellow in Cancer Research of the American Cancer Society (1952-54). Present 
address, Research Division of the Veterans Administration Hospital, and the De- 
partment of Biochemistry, State University of New York, College of Medicine at 
Syracuse, New York. 
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inosinic acid from hypoxanthine, ATP, and ribose-5-phosphate in the 
presence of two liver enzymes (Enzymes I and II). The present reports 
and the recent publications by Kornberg, Lieberman, and Simms establish 
with certainty the existence of this new enzymatic reaction. It is now 
apparent that this type of reaction may be responsible for the synthesis of 
a variety of nucleotides from their bases, among them inosinic, adenylic 
(10-14), and orotidylic acids (10, 11). Unpublished experiments! from 
this laboratory have demonstrated that 5-amino-4-imidazolecarboxamide 
ribotide and guanosine-5-phosphate likewise may be added to this list of 
nucleotides so formed. 

The experiments of this communication are concerned primarily with 
the delineation of the enzymes, substrates, and activators required by the 
enzymatic system which forms inosinic acid from hypoxanthine. A sim- 
ilar study has been made of the conditions for adenylic acid synthesis from 
adenine. 


EXPERIMENTAL 


Materials—The preparation of radioactive hypoxanthine and inosine as 
well as non-radioactive inosinic acid and barium ribose-5-phosphate has 
been described previously (9). Adenine-containing impurities in the ri- 
bose-5-phosphate and barium ions were removed with a Dowex 50 column 
before the solution was adjusted to pH 7.4. Xanthine oxidase was pre- 
pared from raw cream according to the procedure of Ball (15) as modified 
by Kalckar (16). Phosphoglucomutase with phosphoribomutase activity 
was prepared from rabbit muscle by the procedure of Najjar (17). The 
preparation of highly purified beef liver nucleoside phosphorylase has been 
described in a previous paper (18). Adenosine triphosphate, adenosine 
diphosphate (ADP), and adenosine-5-phosphate were purchased from the 
Pabst Laboratories and the Schwarz Laboratories. We are in debted to 
Dr. Frixos C. Charalampous for the ribose-1-phosphate which was pre- 
pared by the enzymatic phosphorolysis of inosine. 

Enzyme Assays—Phosphoglucomutase activity, which may also be a 
measure of phosphoribomutase activity, was determined by incubating the 
enzyme preparation with glucose-l-phosphate and measuring the decrease 
in 7 minute-hydrolyzable phosphate by the procedure of Fiske and Sub- 
barow (19) as modified by Gomori (20). Nucleoside phosphorylase was 
assayed by the method of Kalckar (21) as modified by Korn and Buchanan 
(18). Phosphatase activity was determined by measurement of the liber- 
ation of inorganic phosphate from the substrate under study. 

Enzyme IT, isolated from acetone powders of beef liver (1), was assayed 
by incubating limiting amounts of this enzyme with an excess of Enzyme I 


1 Experiments in collaboration with Mr. Joel G. Flaks and Dr. Peter S. Olmsted. 
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(0to 15 per cent ethanol fraction of pigeon liver), ATP, ribose-5-phosphate, 
magnesium ions, and phosphate buffer, pH 7.4. The specific activity of 
the inosinic acid synthesized from radioactive hypoxanthine was used as 
a measure of enzymatic activity (9). Incubation was carried out at 37.5° 
for 7.9 minutes and the reaction stopped by immersing the incubation 
vessel in boiling water for 5 minutes. The functions of enzymatic activity 
and concentration were linear within limited concentrations of acetone 
powder extract. 


RESULTS AND DISCUSSION 


One requirement for the satisfactory establishment of the reactions of 
Scheme II, Diagram 1, entailed the demonstration that the components of 


DraGRAM 1. Pathways of nucleotide synthesis from bases 


Scheme I Scheme I] 
Phosphoribomutase 
Ribose-1-phosphate Ribose-5-phosphate 
| + nucleoside phosphorylase | + ATP 
+ hase 
Base-ribose Phosphorylated ribose intermediate * 


ATP | + base 


+ kinase 
Base-ribose-PO, Base-ribose-PO, 


* This compound has now been isolated and identified as 5-phosphoribosylpyro- 
phosphate in the laboratory of Kornberg, Lieberman, and Simms (10) and in this 
laboratory (22). 


this system did not involve the enzymes and intermediates concerned with 
the reactions of Scheme I. 

Separation of Enzymes for Inosinic Acid Synthesis from Nucleoside Phos- 
phorylase and Phosphoribomutase. Enzyme I—The initial steps in the prep- 
aration of this enzyme from pigeon liver extracts are described in a previous 
paper (9). The fraction which precipitates between 0 and 15 per cent 
ethanol was ‘‘washed”’ to remove salts and contaminating enzymes by 
suspending the enzyme in cold 18 per cent ethanol. The washing procedure 
was repeated on the precipitate. The washed enzyme was then suspended 
ina small amount of distilled water and lyophilized at —15°. In this form 
the enzyme is perfectly stable for at least 6 to 8 months when stored at 
—18°. Just prior to use, the lyophilized powder is dissolved in 0.02 m 
glycylglycine or phosphate buffer, pH 7.4, to a final concentration of 8 mg. 
per ml. 

Enzyme I is free of Enzyme II, but contains small, but measurable, 
amounts of nucleoside phosphorylase, phosphoribomutase, myokinase, and 
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phosphatases. The enzyme is heat-labile, losing essentially 100 per cent 


of its activity when heated for 10 minutes at 56° or for 5 minutes at 65° | 


In addition the enzyme is relatively labile to dialysis against water or g 
dilute cysteine solution, but may be dialyzed against phosphate buffer, 
PH 7.4, containing potassium and magnesium ions with little or no loss of 
activity. In all experiments reported, Enzyme I refers to the dissolved 
lyophilized preparation. 

Enzyme II—Enzyme II, found in high concentrations in extracts of 
acetone powder of beef liver, is associated with relatively high concentra. 
tions of the two enzymes, nucleoside phosphorylase and phosphoribomu- 
tase. However, Enzyme II is completely free of Enzyme I, which is de. 
stroyed during the preparation of the acetone powders. The preparation 
of the acetone powder of beef liver and the extraction of the active enzyme 


TABLE I 
Partial Purification of Enzyme IT 
Per cent of 
P t of . 
recovered® recovered* 
I. Acetone powder extract 1 
II. Heated acetone powder extract (75°) 51 100 2 
III. 55-80% ammonium sulfate ppt. 13 57 4.4 


The incubation vessel contained 0.3 umole of hypoxanthine-C™, 1.7 ymoles of 
ATP, 3.5 wmoles of ribose-5-phosphate, Enzyme I, and phosphate buffer, pH 7.4, 
containing magnesium ions. Total volume, 1.5 ml. 

* Compared to acetone powder extract. 


therefrom have been described previously (18). Extracts of acetone pow- 
der, containing approximately 10 mg. of protein per ml., were heated in 
100 ml. lots to 75° for 5 minutes with stirring. Upon cooling, the coagu- 
lated proteins were separated by centrifugation and discarded. The super- 
natant solution may then be fractionated with ammonium sulfate between 
55 and 80 per cent of saturation. The increase in purity and yield of en- 
zyme are reported in Table I. 

As shown in Table II, the enzyme nucleoside phosphorylase was com- 
pletely destroyed upon heating the acetone powder to 75°, while the activity 
of Enzyme II was essentially unaltered. Even upon heating the acetone 
powder extract at 60° for 5 minutes, there is a considerable loss of this 
contaminating enzyme. The loss of phosphoribomutase and phosphatase 
activity parallels closely the loss of nucleoside phosphorylase activity. 
The heat stability of Enzyme II is in contrast to the relative heat lability 
of Enzyme Il. Unless otherwise noted the heated extract of acetone powder was 


used as a source of Enzyme II. 
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As shown in Table III, both Enzymes I and II, which had been freed 
from nucleoside phosphorylase and phosphoribomutase, were essential for 


TABLE II 
Separation of Enzyme II from Nucleoside Phosphorylase 
Heat treatment 
Vessel No. aces tae Nucleoside phosphorylase* Inosinic acid synthesist 
extract 
“Cc. units per cent recovery pmole per cent recovery 

| None 3.60 0.045 

2 60 0.60 16 0.046 100 

3 65 0.54 15 0.042 | 100 

4 75 0 | 0 0.045 | 100 


*Nucleoside phosphorylase determinations were made on 0.1 ml. of acetone pow- 
der extract and are reported as units per 0.1 ml. 

t The content of Enzyme II was related to the rate of inosinic acid synthesis in 
an enzymatic system which included 0.3 pmole of hypoxanthine-C'‘, 1.7 pmoles of 
ATP, 3.5 pmoles of ribose-5-phosphate, magnesium and phosphate ions, Enzyme I, 
and 0.1 ml. of acetone powder extract either untreated or treated as indicated. 


TABLE III 
Components of Enzyme System Synthesizing Inosinic Acid 

Inosinic 

Vessel] No.| Enzyme I Enzyme II Phosphate | Magnesium |Ribose source ATP acid 

synthesized 

l + + + + R-5-P + 0.260 

2 + + + + R-5-P + 0.001 

3 + + + + + 0.006 
4 _ + + + R-5-P + 0.000 
5 + - + + R-5-P + 0.000 

6 + + + + R-1-P “ 0.000 

7 + Tr + | + R-1-P + 0.028 

8 + + + — R-5-P + 0.000 

9 + + _ + R-5-P + 0.000 


All vessels contained 26 ypmoles of phosphate buffer, pH 7.4, 10 umoles of MgCl, 
and 1.0 umole of hypoxanthine-C"™ of specifie activity of 10,533 c.p.m. per umole in 
addition to the above components. Final volume, 2.5 ml. Additions were made in 
the following amounts: ATP, 2.3 umoles; ribose-5-phosphate (R-5-P), 2.1 uwmoles; ri- 
bose-1-phosphate (R-1-P), 1.95 wmoles. Incubation time, 7.5 minutes at 38.5°. In 
Vessel 9, glycylglycine buffer, pH 7.4, replaced phosphate buffer. 


inosinate synthesis from hypoxanthine. Moreover, when purified nucleo- 


side phosphorylase and phosphoribomutase either separately or together 
were restored to the “complete” system, they resulted in no stimulation of 


rity 
rity 

4 

les of 

7.4, 

DOW- 

d in 

agu- 

[per- 

reen 

om- 

ity 

one 

his 

ase 

ty. 


880 BIOSYNTHESIS OF PURINES. VII 


the synthesis of inosinic acid. Furthermore, neither purified enzyme sep. 
arately or in combination could replace either Enzyme I or Enzyme II iy 
the reaction system. These results clearly indicated that the enzymes jp. 
volved in the reactions of Scheme I, Diagram 1, were not concerned with 
the reaction system under investigation here. 

Substrate and Ionic Requirements for Enzymatic System—As shown jn 
Table IiI, the requirements of the enzymatic system synthesizing inosinic 
acid are as follows: Enzyme I, Enzyme II, ATP, ribose-5-phosphate, hypo- 
xanthine, phosphate ions, and magnesium ions. With the exception of 
ATP, the concentrations of the components of the system may vary over 
a moderate range without appreciable effect on the rate of synthesis. At 
elevated concentrations of ATP, inhibition of the reaction has been noted 
(9). ATP could not be replaced in the reaction system by ADP. In faet 
ADP inhibited the reaction to the extent of 80 per cent when added to the 
system in concentrations equal to that of ATP. 

In the original report by Williams and Buchanan (9), it was noted that 
not only ribose-5-phosphate but also the ribosides, guanosine, adenosine, 
and inosine could serve as a source of ribose compound. It was believed 
that in this original system the nucleosides stimulated inosinic acid syn- 
thesis by virtue of their conversion to ribose-5-phosphate. With the par- 
tial purification of the enzymes involved it was possible to reinvestigate 
the utilization of these ribose compounds as well as ribose-1-phosphate as 
substrates: for inosinic acid synthesis. 

As shown in Table III, ribose-5-phosphate is an essential substrate for 
the reaction. On the other hand, ribose-1-phosphate is now ineffective as 
a substrate, since it is not utilized directly and cannot be converted to 
ribose-5-phosphate because of the removal of phosphoribomutase as an 
impurity from both enzymes. In a manner similar to that of experiments 
with ribose-1l-phosphate, inosine, labeled with C'™ in the purine base, no 
longer could serve as a precursor of inosinic acid in the system as studied 
with purified enzymes and could not break down to yield ribose compounds 
which could replace ribose-5-phosphate, a required substrate of the reaction. 

Comparison of Adenylic and Inosinic Acid Synthesis—The conversion of 
adenine to adenylic acid by rat liver enzymes by a reaction sequence in 
which adenosine is not involved has been reported by Goldwasser (12, 13) 
and by Saffran and Scarano (14). It was of interest to determine whether 
the system under investigation in our laboratory would convert adenine as 
well as hypoxanthine to its nucleotide. In a preliminary experiment, ATP, 
ribose-5-phosphate, and radioactive substrates were incubated with pigeon 
liver extract. It was found that radioactive adenine was converted to 
adenylic acid and ATP excellently by this system. There was, however, 
in this experiment, little or no conversion of adenylic acid to inosinic acid. 
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On the other hand, radioactive hypoxanthine appeared in the inosinic acid, 
but not in adenylic acid or ATP. 

In another experiment, Enzyme I and an unheated extract of acetone 
powder of beef liver (as a source of Enzyme ITI) were incubated with ATP, 
ribose-5-phosphate, and radioactive adenine (Table IV). This system was 
capable of carrying out the reaction, and the omission of either enzyme 
resulted in a loss of reaction. When acetone powder extract of beef liver 
which had been heated to 75° was used as a source of Enzyme II, there was 


TABLE IV 


Enzymes Involved in System Synthesizing Adenylic Acid from Adenine; 
Effect of Heating Acetone Powder Extract 


Enzymes added 
. Adenylic acid 
synthesized 
ml. mil. ml. umole 
: 1.0 0.004 
2 1.0 1.0 0.016 
0.5 | 0.310 
‘ 1.0 1.0 0.570 
. 1.0 0.002 
6 1.0 0.001 


All vessels contained 2.3 uwmoles of ATP, 5.6 wmoles of ribose-5-phosphate, and 
2.50 ymoles of radioactive adenine (specific radioactivity, 9570 c.p.m. per umole). 
Concentration of Enzyme I, 15 mg. per ml. Total volume, 2.5 ml.; incubation time, 
7 minutes; temperature, 38°. A control vessel in which both enzymes were heated 
to 100° prior to addition of substrates was incubated simultaneously with experi- 
mental vessels. Adenylie acid was added as carrier to all vessels at the conclusion 
of the experiment and then reisolated on a Dowex 1 chloride column. Known 
amounts of adenine were added as carrier; solutions hydrolyzed in acid solution; 
adenine precipitated and counted as the picrate. 


no longer enzymatic conversion of adenine to adenylic acid in the presence 
of Enzyme I, ATP, and ribose-5-phosphate. This experiment indicates 
that heating the acetone powder extract destroys an enzyme for this system. 
In spite of this, there is little doubt that adenine is being converted to 
adenylic acid by the same “direct mechanism” described in this paper for 
hypoxanthine. As shown in Table V, the complete system requires both 
ATP and ribose-5-phosphate as substrates. 

It is now known from the work in Paper VIII (22) that the enzymes of 
the acetone powder extract (Enzyme II) are responsible for the condensing 
of purine bases with the “active” ribose intermediate to form ribotides. 
Enzyme I[ is responsible for the synthesis of ‘“‘active” ribose intermediate 
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from ATP and ribose-5-phosphate. It is, therefore, probable that two 
separate condensing enzymes are present in acetone powder of beef liver, 
one specifically effecting the reaction of hypoxanthine and the other effect- 
ing that of adenine. 

Saffran and Scarano (14) have noted that the enzyme from pigeon liver 
which is responsible for the condensation of adenine to an activated ribose 
compound to form adenylic acid is stable to heating at 65° for 5 minutes 
and have consequently referred to this enzyme as being heat-stable. It 
seems probable that both laboratories are dealing with the same enzyme 
and that under our conditions of heat treatment (75° for 5 minutes) this 
enzyme is labile. 


TABLE V 
Substrate Requirements of System Synthesizing Adenylic Acid from Adenine 


| Substrate added 
Vessel No. Adenylic acid synthesized 
| ATP Ribose-5-phosphate 
umole 
1 + -+- 0.570 
+ | 0.005 
3 + ~ | 0.035 
4 | 0.002 


All vessels contained 1 ml. of Enzyme I (15 mg. of powder per ml.), 1 ml. of un- 
heated acetone powder extract (inzyme II), and 2.5 wmoles of radioactive adenine 
(specific radioactivity, 9570 ¢.p.m. per umole) in a total volume of 2.5 ml. When 
indicated, the vessels contained 2.3 wymoles of ATP or 5.6 uwmoles of ribose-5-phos- 
phate. Incubation time, 7 minutes; temperature, 38°. Procedure of isolation and 
counting as described in Table IV. 


SUMMARY 


The components of an enzymatic system in which inosinic acid is syn- 
thesized from hypoxanthine have been established as ribose-5-phosphate, 
ATP, magnesium and phosphate ions, and two liver enzymes (Enzymes I 
and II). 

Enzyme I was derived by ethanol fractionation of pigeon liver extract, 
and Enzyme II was purified from extracts of acetone powder of beef liver. 
Both enzymes were relatively free of nucleoside phosphorylase and phos- 
phoribomutase. 

When the reaction was studied with these relatively purified enzymes, 
neither inosine nor ribose-1-phosphate was reactive in the system nor 
could either serve as a source of the hypoxanthine or the ribose phosphate 
moiety of inosinic acid, as was the case when the reaction was carried out 
with unpurified enzymes. 
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Adenylic acid was synthesized from adenine by the same type of reaction. 


Enzyme II, which effects the condensation of base with active ribose inter- 
mediate, is composed of at least two different enzymes, one responsible for 
the condensation of adenine, and the other for the condensation of hypo- 
xanthine. 
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BIOSYNTHESIS OF THE PURINES 


VIII. ENZYMATIC SYNTHESIS AND UTILIZATION OF 
a-5-PHOSPHORIBOSYLPYROPHOSPHATE* 


By CHARLES N. REMY,t WANDA TAYLOR REMY, anv 
JOHN M. BUCHANAN 


(From the Division of Biochemistry, Department of Biology, Massachusetts Institute 
of Technology, Cambridge, Massachusetts) 


(Received for publication, November 17, 1954) 


The work described in Paper VII (1) led to the isolation independently 
in this laboratory of a phosphorylated ribose compound which is formed 
from adenosine triphosphate (ATP) and ribose-5-phosphate by Enzyme I 
and converted to the corresponding nucleotide by a direct reaction with 
the free base in the presence of Enzyme II. The isolated ribose compound 
was not identical with ribose-1 ,5-diphosphate (2, 3), since inorganic phos- 
phate was not liberated from the former under conditions reported to 
hydrolyze the latter compound. The actual identification of the above 
compound as 5-phosphoribosylpyrophosphate was greatly facilitated by 
the report of Kornberg, Lieberman, and Simms (4, 5) that they had isolated 
and identified such a compound as an intermediate in their enzymatic 
systems which synthesized orotidylic and adenylic acids from orotic acid 
and adenine, respectively. The compound isolated from our system is 
undoubtedly identical with their product. 


EXPERIMENTAL 


Reference may be made to Paper VII (1) for many of the reagents, chem- 
ical methods, enzymatic preparations, and assays used in the present study. 

Ribose was determined by the method of Mejbaum (6) as modified by 
Umbreit ef al. (7), in which a 40 minute heating period was used.  Al- 
though ribose was used routinely as the working standard, adenylic acid 
(AMP-5’) and inosinic acid (IMP-5’) served as the primary standards to 
which all values were referred. 


* This work has been supported by grants-in-aid from the American Cancer So- 
ciety, from the National Cancer Institute, National Institutes of Health, United 
States Public Health Service, and from the Damon Runyon Memorial Fund for 
Cancer Research, Inc. C' and P*? were allocated by the Atomic Energy Commis- 
sion. 

t Fellow in Cancer Research of the American Cancer Society (1952-54). Present 
address, Research Division of the Veterans Administration Hospital, and the De- 
partment of Biochemistry, State University of New York, College of Medicine at 
Syracuse, New York. 
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Total phosphorus was determined by the method of Fiske and Subbaroy 
(8) as modified by Gomori (9) and inorganic phosphorus by the method of 
Lowry and Lopez (10) as modified by Kalckar (11). Acid-labile phos. 
phorus was determined on a sample which had been heated at 100° for 12 
minutes in 1 N H2SO, prior to the development of color with the Fiske and 
Subbarow reagents. Inorganic pyrophosphate was determined either as 
acid-labile phosphorus or as inorganic phosphorus after hydrolysis with 
inorganic pyrophosphatase (12). 

For the present experiments a spectrophotometric method was developed 
for the assay of Enzyme I in the presence of an excess of Enzyme II or 
vice versa. The enzymes were incubated with the substrates described in 
the legend to Table I. At the conclusion of the incubation the reaction 
was stopped by placing the vessels in a boiling water bath for 5 minutes, 
The solution was deproteinized with perchloric acid, and the amount of 
hypoxanthine was determined spectrophotometrically (13) on a neutralized 
sample. The amount of hypoxanthine utilized for the synthesis of IMP-35’ 
could then be calculated. 

Since ribose-5-phosphate and ATP react in the presence of Enzyme I to 
yield AMP-5’ (see a later section), measurement of the formation of the 
latter compound spectrophotometrically (14) provided an alternative 
method for the assay of this enzyme. 

We wish to thank Dr. Arthur Kornberg for a sample of 5-phosphoribosyl- 
pyrophosphate which he sent for comparison with our material, and Dr. 
Gerhard Schmidt for a preparation of prostate acid phosphatase. 


Results 


Determination of Sequence of Reactions—The requirements of the com- 
plete enzymatic system (1) which synthesizes IMP-5’ from hypoxanthine 
are as follows: two liver enzymes, hypoxanthine, ribose-5-phosphate, ATP, 
Mgt, and inorganic phosphate. Owing to the fact that Enzyme I is heat- 
labile at 65°, in contrast to the heat-stable Enzyme II, it has been possible 
to determine the sequence of reactions in which these enzymes are involved. 
Only in those vessels (Table I) in which both ATP and ribose-5-phosphate 
were incubated together with Enzyme I prior to heating at 65° (Reaction I) 
did an intermediate accumulate which could condense with hypoxanthine 
in the presence of Enzyme II to form IMP-5’ (Reaction II). These results 
indicate that Enzyme II does not participate with Enzyme I in the syn- 
thesis of the intermediate, but is concerned solely with the further metab- 
olism of this compound. 

As is shown in Table I and again in Fig. 1, the compound formed in 
Reaction I is destroyed by heating the solution at 100° at neutral pH for 
even a relatively short period of time. 
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Identification of Products of Reaction I—In the presence of ribose-5-phos- 
phate, Mgt*, inorganic phosphate, and the proper concentrations of En- 
zyme I, ATP was converted in large measure into AMP-5’, whereas little 
or no adenosine diphosphate was formed. In the absence of ribose-5-phos- 
phate, the above reaction did not take place. Formation of AMP-5’ was 
linear over a 10-fold increase in enzyme concentration. At higher con- 
centrations of enzyme, however, an inhibition of reaction occurred. This 
reaction has been used as an assay for Enzyme |]. These experiments 


TABLE I[ 
Separation of Enzyme Reactions 
First addition Second addition | 
Vessel — Tempera-| Time of | Hx 
No. | ture heating utilized 
Enzyme Substrate Enzyme | Substrate | 
min. | umole 
1 I4+H1I ATP, R-5-P, Hx 100 5 0.25 
9 | 65 6 Il Hx 0.34 
4 | 100 13 0.23 
5 | ‘é 100 5 0.00 
| 65 | 6 “ R5-P | 0.00 
7 | R-5-P 65 6 ATP 0.00 
8 | ATP, R-5-P 65 6 0.00 


For an incubation volume of 2.5 ml., the requirements for enzymatic synthesis of 
IMP-5’ as indicated in Vessel 1 are 50 umoles of phosphate (pH 7.4), 20 uwmoles of 
MgCl., 0.91 umole of hypoxanthine (Hx), 2.3 umoles of ATP, 3.78 umoles of ribose-5- 
phosphate (R-5-P), and Enzymes I and II. For the first incubation in Vessels 2 to 
8, MgCl., phosphate buffer, and the indicated additions in the above concentrations 
were incubated in a total volume of 1.0 ml. for 7 minutes at 38° and heated as noted. 
The second additions were made (final volume of 2.5 ml.), and a second incubation 
period of 7 minutes was carried out. The final reaction was stopped by immersion 
of the vessel in a boiling water bath for 5 minutes. 


indicated that AMP-5’ was one product of the reaction and suggested that 
pyrophosphate was involved in the formation of the active pentose inter- 
mediate. 

In order to isolate this pentose intermediate, an incubation was carried 
out as described in Fig. 1. At the conclusion of the incubation the vessels 
were placed in a boiling water bath for 14 minutes to stop the reaction, 
then immediately chilled in ice, and the coagulated protein removed by 
centrifugation. Unless stated otherwise, all the following steps were car- 
red out at O-2°. Adenine compounds and proteins were removed from 
the supernatant solution by two treatments with charcoal (10 and 8 mg. 
of Norit per ml. of sample, respectively (15)). The final filtrate was essen- 
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tially devoid of adenine compounds as evidenced by the optical density 
reading at 260 mu. The supernatant solution was then placed on a Dowex 
1 formate column, and five ribose-containing compounds were eluted as 
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Fic. 1. Elution of ribose compounds from resin column after reaction of ATP 
and ribose-5-phosphate with Enzyme I. The incubation mixture for Experiment A 
contained 95.2 umoles of ATP, 85.7 uymoles of ribose-5-phosphate, 1.6 umoles of phos- 
phate as phosphate buffer, pH 7.4, 0.8 mmole of MgCl., and 64 mg. of Enzyme I in 
a final volume of 52 ml. The reaction was stopped by heating the vessel for 1} 
minutes in a boiling water bath. 48 ml. of the charcoal-treated supernatant solu- 
tion were placed on a Dowex 1 formate column (13 cm. long X 0.8 em. in diameter) 
at a rate of 1 ml. per 4 minutes. After washing the column with water, the various 
ribose compounds were eluted with sodium formate buffers, pH 5.0, of varying mo- 
larity; the first and second peaks were eluted with 0.1 m, the third with 0.4 m, and 
the fourth and fifth with 0.5m. 90 to 100 per cent of the ribose was recovered. The 
conditions for Experiment B were similar, except that the reaction was stopped by 
heating the vessels for 4 minutes in a boiling water bath. The figures above the 
bracketed peaks express the per cent of the total ribose recovered in each peak. 


separate peaks with sodium formate buffers at pH 5, as indicated in Fig. 1. 
No attempt was made to isolate or to study Compound 8, since it was pres- 
ent in too small a quantity. Fractions containing Compounds 1, 2, 4, and 
5 were each pooled and neutralized, and barium acetate was added in 50 
per cent excess. Inorganic phosphate, which was present as a contaminant 
of Compounds 1 and 2, was removed as barium phosphate. 4 volumes of 
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alcohol were then added to the supernatant solutions to precipitate the 
barium salts of the phosphorylated ribose compounds. Compound 1 did 
not yield a precipitate upon addition of alcohol, since it was composed of 
free ribose, but the barium salts of Compounds 2, 4, and 5 were formed. 
The barium salts, left overnight at 2° to insure complete precipitation, were 
eollected by centrifugation, washed with absolute alcohol and ether, and 
dried in vacuo. The barium salts of Compounds 2 and 4 were water-sol- 
uble; however, it was necessary to lower the pH of a suspension of the 
barium salt of Compound 5 to 4.5 or 5 in order to dissolve it. This some- 
times resulted in a slight decomposition of the latter compound, with the 
appearance of small amounts of inorganic phosphate. All compounds were 


TABLE II 
Composition of Isolated Ribose Compounds 
The values are expressed as micromoles of ribose or inorganic phosphorus per ml. 
of solution. 


| | 
Compound Ribose Total P Tabité to Pte acid Ratio, total Composition 

| Ribose 
2 | 22.53 (21.84 0.97 R-5-P 
4 | 1.50 | 3.02 | 2.05 PDP 

2.04 2.07 | 4.10 | 1.01 1.99 2.01 
5 3.08 5.97 9.62 1.95 1.61 3.13 PTP 

4.07 7.42 | 12.13 | 1.87 1.59 2.98 
5.41 8.47 1.99 1.66 3.12 
| 2.47 4.80 7.30 | 1.95 1.52 2.96 


converted into their potassium salts by passage through a Dowex 50 column 
(potassium cycle) and brought to neutrality with 0.1 Nn KOH when nec- 
essary. 

In several separate experiments (Table I]) the four ribose compounds 
were assayed for ribose, inorganic phosphate, acid-labile phosphate, and 
total phosphate. Compound | is free ribose, Compound 2, ribose-5-phos- 
phate, and Compounds 4 and 5, pentose diphosphate (PDP) and pentose 
tiphosphate (PTP), respectively. PDP and PTP contain acid-labile 
phosphate. The ratio of acid-labile to total phosphate for PDP is 1:2, 
while that for PTP is 2:3. Evidence will be presented that the PTP is the 
pentose intermediate which is reactive in our enzymatic system and that 
it is identical with the 5-phosphoribosylpyrophosphate reported by Korn- 
berg, Lieberman, and Simms (4). PDP, which is produced non-enzymat- 
ically from PTP when the incubation mixtures are heated for a longer time 
than 14 minutes at 100°, pH 7.4 (see the fourth and fifth peaks, Experi- 
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ments A and B, Fig. 1),' is believed to be 5-phosphoribose-1 ,2-monohy- 
drogen phosphate and is not reactive in the enzymatic synthesis of IMP.-35' 
from hypoxanthine. 

Note should be made that both phosphate and magnesium ions are re- 
quired for the system which synthesizes PTP from ribose-5-phosphate and 
ATP in the presence of Enzyme I, while only magnesium ions are required 
for the conversion of PTP into IMP-5’ in the presence of Enzyme II and 
hypoxanthine. In order to determine whether phosphate was incorporated 
into PTP during its synthesis, one incubation was carried out with radio- 
active phosphate in the medium (Experiment A, Fig. 1). The relatively 
small incorporation of P® into the PTP isolated probably resulted from its 
prior incorporation into ATP, and hence the effect of inorganic phosphate 
could not be explained by its utilization per se in the synthesis of PTP from 
ribose-5-phosphate. 

Demonstration of Structure of PTP. Positive Reaction for Ribose—The 
pentose moiety of PTP was liberated by the action of prostate acid phos- 
phatase and was identified as ribose by chromatography on paper with 
phenol saturated with water as the solvent. The possibility that the 
pentose was ribulose was ruled out by its negative reaction in the cysteine- 
carbazole test (16) and by the relative stability of its pentose moiety in 
alkaline solution (17). 

Reaction with Periodate—PTP was oxidized by periodate at pH 5.0 by a 
modification of the method of Meyer et al. (18) with a-methy] glucoside as 
a standard. The results showed that approximately 1 mole of periodate 
was consumed per mole of PTP and demonstrated the presence of two 
vicinal hydroxy] groups in the ribose chain, as would be expected from the 
proposed structure. 

Hydrolysis of PT P in Acid Solution—The experiment described in detail 
in the legend to Fig. 2, A shows that PTP may be split to ribose-5-phos- 
phate and pyrophosphate by hydrolysis at 65° for 60 minutes under mildly 
acid conditions (pH 4.5). Ribose-5-phosphate (4.01 umoles), inorganic 
phosphate (1.44 umoles), free pyrophosphate (3.18 uwmoles), and unhydro- 
lyzed PTP (0.81 umole) were recovered upon hydrolysis of 5.02 uwmoles of 
-PTP under the conditions of these experiments. Since the inorganic phos- 
phate probably resulted from breakdown of the pyrophosphate grouping, 
this represented 0.72 umole of pyrophosphate. Thus 4.71 and 4.82 umoles 
of pyrophosphate and ribose compounds were recovered, respectively. 

Identification of Pentose Diphosphate; Product of Hydrolysis of PTP at 


1 At the suggestion of Mr. Standish C. Hartman, the incubation media for the 
preparation of PTP are not heated to stop the reaction, but are treated directly with 
Norit, and the supernatant solution is placed on a Dowex 1 formate column. This 
procedure eliminates the loss of PTP by conversion to PDP. 
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Neutral and Alkaline pH—Study of the nature of the breakdown products 
of PTP in alkaline and neutral solution has afforded information on the 


RIBOSE 
PYROPHOSPHATE 
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MICROMOLES RIBOSE OR PHOSPHATE COMPOUNDS PER ML 


Fic. 2. A, hydrolysis of PTP under mildly acid conditions. A sample contain- 
ing 5.02 umoles of PTP was hydrolyzed in 0.17 m acetate buffer, pH 9.5, for 60 min- 
utes at 65° in a final volume of 3.15 ml. The incubation mixture was cooled, diluted, 
adjusted to pH 8.0, and placed on a Dowex 1 chloride column (6 cm. long X 0.8 cm. 
in diameter). The column was washed with water and eluted with 0.01 n HCl! in 
0.05m NaCl. B, products of enzymatic reaction of hypoxanthine and PTP. 13 mg. 
of Enzyme II, which had been purified 40-fold, were dialyzed against 0.1 N tris(hy- 
droxymethyl)aminomethane buffer, pH 7.4, and then incubated with 3.90 umoles of 
PTP, 7.70 umoles of hypoxanthine, and 100 umoles of MgCl. in a total volume of 25 
ml. for 15 minutes at 38°. The reaction was stopped by heating the vessel for } min- 
ute in a boiling water bath. The contents of the vessel were chilled, made slightly 
alkaline, and placed on a Dowex 1 chloride column (6 cm. long X 1.2 cm. in diame- 
ter). The column was eluted with 0.01 n HCl in 0.05 m NaCl. Each fraction was 
assayed for hypoxanthine, inosinic acid, ribose, inorganic phosphate, and acid-labile 
phosphate (expressed as pyrophosphate). In a mixture of hypoxanthine and ino- 
sinic acid, the individual substances were determined by measuring hypoxanthine 
before and after hydrolysis with 0.1 Nn HCl. 


configuration of the pyrophosphate about carbon atom 1 of ribose. The 
8-phosphate of the pyrophosphate grouping is disubstituted, and, provided 
it exists in the a configuration on carbon atom 1, it would be cis to the 
hydroxyl group on carbon atom 2 of ribose. It would be expected that 
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such a compound would be labile in alkaline solution and would form 4 
5-phosphoribose-1 ,2-monohydrogen phosphate ester with the elimination 
of inorganic phosphate. At least three examples of analogous reactions 
have been demonstrated: the formation of glucose-1 ,2-monohydrogen 
phosphate from uridine diphosphoglucose (19), the formation of the 4’ ,5’- 
monohydrogen phosphate ester of riboflavin from flavin adenine dinucleo- 
tide (20), and the production of the 2’ ,3’-monohydrogen phosphate esters 
of nucleosides upon mild alkaline hydrolysis of ribonucleic acids (21). All 
the compounds which undergo the above reactions have in common the 
feature of a cis hydroxy] vicinal to a phosphate which carries a second sub- 
stitution, either another phosphate or an alcohol. 

The PDP, isolated along with PTP in previous enzymatic experiments 
and believed to have been produced non-enzymatically from the latter 
compound, may likewise be formed by heating purified PTP at 100°, pH 
7.4, for several minutes. The following experiments have been carried out 
to demonstrate the mechanism of PDP formation from PTP and to estab- 
lish the structure of the former compound as 5-phosphoribose-1 ,2-mono- 
hydrogen phosphate ester. 

(a) During hydrolysis of PTP in 0.2 x KOH at room temperature for 
2 hours approximately 50 per cent of the acid-labile phosphate was re- 
leased. (b) PDP was found to be an aldo pentose by the same criteria 
which were employed for PTP. (c) In contrast to PTP, PDP was not 
oxidized by periodate (18).2. (d) A titration was carried out on a sample 
of highly purified PDP.2 It was found that only 1 secondary hydrogen 
ion equivalent (experimental, 1.17) per mole of PDP could be titrated 
between pH 4 and 10. This indicates that at least one phosphate group 
of the pentose diphosphate was disubstituted. (e) Paper chromatography 
with ethanol-acetate solvents at pH either 3.5 or 6.8 (19, 22) revealed that 
the PDP migrated faster than would have been expected for a diphosphate. 
This is analogous to the experience of Paladini and Leloir (19) concerning 
the relative speed of migration of the glucose-1 ,2-monohydrogen phosphate 
compared to glucose-1-phosphate. (f) Experiments have been carried out 
to ascertain the stability of the phosphate groups of PDP in acid solution. 
As shown in Table II, one-half of the total phosphorus is acid-labile. 25 
per cent of this acid-labile phosphorus is gradually hydrolyzed to inorganic 
phosphorus at room temperature during the 20 minute period allowed for 
development of phosphorus color by the Fiske-Subbarow method. By 
comparison ribose-1 ,5-diphosphate is completely hydrolyzed to ribose-s- 
phosphate under these conditions (2). An additional 11.4 per cent and 
29.1 per cent of the acid-labile phosphate of PDP may be liberated by 


2 We wish to thank Dr. Josef Fellig and Mr. Standish C. Hartman for performing 
these experiments. 
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prior hydrolysis in 0.2 N H2SO, at 100° for 3 and 10 minutes, respectively. 
Thus, 25 per cent of the acid-labile phosphorus is quite labile compared 
tothe remaining 75 per cent. By analogy to the hydrolysis of glucose-1 ,2- 
monohydrogen phosphate (19) the above data suggest that 5-phospho- 
ribose-1 ,2-monohydrogen phosphate (PDP) is being hydrolyzed under the 
conditions of the Fiske-Subbarow method to a mixture of 25 per cent ribose- 
1,5-diphosphate and 75 per cent ribose-2 ,5-diphosphate. The ribose-1 ,5- 
diphosphate, being more acid-labile (2), is more easily hydrolyzed to ribose- 
5-phosphate and inorganic phosphate than is ribose-2 ,5-diphosphate. 


TABLE III 
Reversal of Inosinic Acid Synthesis 
Vessel No. | 

ml pmoles pumoles pmole 

1 0.1 3.31 4.5 0.22 
2 0.2 0.25 4.5 0.06 
3 0.2 0.50 4.5 0.14 
4 0.2 0.99 4.5 0.27 
5 0.2 3.31 4.5 0.39 
6 0.2 3.31 22.5 0.35 
7 0.2 9.92 22.5 0.38 
8 0.2 0.50 0.6 0.08 
9 0.2 3.31 0.06 
10* 0.2 3.31 4.5 0.09 


All the vessels contained 45 umoles of glycylglycine (pH 7.5), 10 umoles of MgCl:, 
xanthine oxidase, and IMP-5’, pyrophosphate, and Enzyme II in the concentra- 
tions indicated. Final volume, 2.5 ml.; incubated for 30 minutes at 38°. 

* MgCl. omitted. 


In summary the proposed structure of PDP as the 5-phosphoribose- 
1,2-monohydrogen phosphate fits exactly the above experimental data. 
It would be anticipated that such a compound would have only 1 secondary 
hydrogen ion, would not react with periodate, and would contain one acid- 
labile phosphate group. 

Enzymatic Reactions Involving PTP. Enzymatic Reaction of PTP and 
Hypoxanthine—The enzymatic conversion of PTP and hypoxanthine to 
IMP-5’ and inorganic pyrophosphate has been studied with a more highly 
purified sample of Enzyme II prepared by Mr. Lewis N. Lukens. Upon 
reaction of 3.90 umoles of pentose-bound pyrophosphate (7.e. PTP) with 
7.70 umoles of hypoxanthine under the conditions described in the legend 
to Fig. 2, B, 3.64 umoles of inorganic pyrophosphate and 3.87 umoles of 
ribose compounds were recovered, IMP-5’ being the principal pent ose-con- 
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taining compound. The reaction proceeded thus almost to completion 
under the conditions of this incubation. 

Enzymatic Reaction of Inosinic Acid and Inorganic Pyrophosphate—The 
reversal of IMP-5’ synthesis was attempted under conditions which favored 
the splitting of the ribosyl bond (Table IIJ). Xanthine oxidase (1) was 
included in the reaction system to convert the liberated hypoxanthine into 
uric acid. This provided a means of removal of one of the reaction prod- 
ucts and at the same time permitted the reaction to be followed spectro. 
photometrically at 290 my. The amount of hypoxanthine formed was 
dependent both upon the concentration of IMP-5’ and inorganic pyrophos- 
phate and upon the presence of magnesium ions in the reaction system. In 
the experiments so far carried out complete splitting of IMP-5’ has not been 
accomplished. With the reactions of Enzyme II thus clarified, it seems 
that znosinic acid pyrophosphorylase might be an appropriate name for this 
enzyme. 


DISCUSSION 


The foregoing evidence has been presented to establish the structure of 
PTP as a-5-phosphoribofuranosylpyrophosphate and to establish its réle 
in the synthesis of nucleotides from bases (1). The reaction of PTP with 
periodate, its hydrolysis to inorganic pyrophosphate and _ ribose-5-phos- 
phate, and its enzymatic conversion to inosinic acid and inorganic pyro- 
phosphate in the presence of hypoxanthine demonstrate that PTP is a 
ribose compound esterified in the 5 position with phosphate and in the 1 
position with pyrophosphate. The formation of the 5-phosphoribose-1 ,2- 
monohydrogen phosphate further shows that the pyrophosphate group of 
PTP probably exists in the a configuration. Since inosinic acid exists in 
the 8 configuration (23), there is consequently an inversion of the ribosyl 
linkage during the formation of this compound from PTP and hypoxan- 
thine. 

The question has been posed of the réle of ribose-1 ,5-diphosphate in 
nucleotide synthesis (3). It has been reported that in heated extracts of 
pigeon liver ribose-1 ,5-diphosphate effects the synthesis of adenylic acid 
from adenine. In unpublished experiments with Dr. Frixos C. Charalam- 
pous, no evidence could be found for the utilization by our system of 
material prepared by Klenow’s method (2) and presumed to be ribose-1 , 5- 
diphosphate, although not positively identified as such. Likewise, incu- 
bation of our enzymes with ribose-1-phosphate, glucose-1 ,6-diphosphate, 
and phosphoglucomutase (3, 24) did not result in the synthesis of inosinic 
acid from hypoxanthine. It, therefore, seems unlikely that ribose-1 ,5- 
diphosphate is utilized by our system. 
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SUMMARY 


An enzyme from pigeon liver (Enzyme I) mediates the reaction of ATP 
and ribose-5-phosphate to form AMP-35’ and “active’”’ ribose intermediate 
which condenses with hypoxanthine in the presence of a second enzyme 
from beef liver (Enzyme IJ) to form inosinic acid. 

The ‘active’? ribose compound has been isolated and identified as a- 
5-phosphoribofuranosylpyrophosphate. 

a-5-Phosphoribofuranosylpyrophosphate may break down by heating at 
100° at pH 7.4 to form a pentose diphosphate, 5-phosphoribose-1 ,2-mono- 
hydrogen phosphate, which is inactive as a substrate for Enzyme II. 

Reaction has been carried out with 5-phosphoribofuranosylpyrophos- 
phate and hypoxanthine in the presence of a purified preparation of inosinic 
acid pyrophosphorylase (Enzyme II) with the formation of inosinic acid 
and inorganic pyrophosphate. 

Inosinic acid may be cleaved by inorganic pyrophosphate in the presence 
of the pyrophosphorylase to form hypoxanthine. 
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CITRITASE, THE CITRATE-SPLITTING ENZYME FROM 
ESCHERICHIA COLI 


I. PURIFICATION AND PROPERTIES 


By ROBERT W. WHEAT* ann SAMUEL J. AJL 


(From the Department of Bacteriology, Communicable Diseases Division, Army 
Medical Service Graduate School, Washington, D. C.) 


(Received for publication, March 2, 1955) 


Two distinct and independent pathways for the breakdown of citric acid 
are now generally recognized to operate in bacteria. These include (a) the 
stepwise degradation of citrate via the Krebs cycle reactions (1-3) and (b) 
the breakdown of citrate into a C2. and C, unit not involving CoA! (4-6). A 
third conceivable pathway of citrate breakdown would be via a reversal of 
the condensing enzyme (requiring CoA), but this reaction has not yet been 
shown to occur in microorganisms. 

Brief reference already exists in the literature concerning the operation 
of the first and second pathways in Escherichia coli (2, 6,7). This and the 
following communication deal with the mechanism of the second of these 
reactions. An enzyme which splits citric acid into acetate and oxalacetate 
in the absence of CoA has been purified from crude cell-free extracts of 
anaerobically grown EF. coli. Its properties, kinetics, and mechanism of 
action have been studied. It would appear that the enzyme described in 
these reports (to be referred to as citrate-splitting enzyme) is similar to or 
identical with citritase, the enzyme responsible for the adaptive citrate 
fermentation pathway reported by Grunberg-Manago and Gunsalus (8). 


Methods and Materials 


Strain E26 of FE. colt was employed for the isolation and purification of 
the CSE. The organism was cultivated under anaerobic conditions at 35° 
ina medium containing 0.5 per cent each of glucose and trisodium citrate, 
0.25 per cent yeast extract, 0.75 per cent K2HPOQO,, 0.25 per cent ammonium 
sulfate, 5 per cent tap water (for inorganic ions), and distilled water to vol- 
ume at an initial pH of 7.8. Glucose-grown cells were obtained by cultivat- 


* Fellow of the United States Public Health Service. Present address, Institute 
of Arthritis and Metabolic Diseases, National Institutes of Health, Bethesda, Mary- 
land. This work represents a portion from a dissertation submitted in January, 
1955, tothe Graduate School of Washington University, St. Louis, Missouri, in partial 
fulfilment of the requirements for the degree of Doctor of Philosophy. 

'The following abbreviations are used: coenzyme A, CoA; citrate-splitting en- 
zyme, CSE; tris(hydroxymethy])aminomethane, Tris; deoxyribonuclease, DNase. 
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ing the bacteria in the same medium without citrate. The acetate-grow 
E. coli used in certain comparative studies were cultivated under aerobj 
conditions on an acetate medium described by Ajl (9). 
Preparation of Cell-Free Extracts for Fractionation—Cell-free extracts 
were prepared by grinding with alumina (10) in the following manner. 4 
large mortar, previously chilled to —20°, was evenly lined with a know 
quantity of cells. This procedure immediately freezes the bacteria against 
the walls of the vessel. An equal amount of Alumina 303 powder was now 
added and mixed with the frozen cells by scraping the latter off the sides of 
the mortar with a spatula. The mixture of powder and cells was triturated 
until a rather thick, creamy mass was obtained. The cell paste was diluted 
(with trituration) 4-fold with either distilled water or dilute phosphate but. 
fer (pH 7.0), allowed to stand 5 to 10 minutes, and centrifuged at low speed 
to remove cell débris and alumina powder. To obtain translucent extracts, 
the supernatant fluid was centrifuged twice at approximately 12,000 r.p.m. 
Protein values ranged from 20 to 30 mg. per ml. The supernatant extracts 
obtained by this procedure are extremely viscous, making subsequent am- 
monium sulfate fractionations extremely difficult. It has been found in 
this laboratory that this difficulty can be obviated by the addition of small 
amounts of DNase in the following manner.? Approximately 500 y¥ of 
DNase powder are stirred into 100 ml. of extract previously adjusted to 
10-3 m with respect to Mg ions. The extract is incubated at 0° until the 
viscosity is decreased to a minimum as determined by the rate of flow from 
a 0.2 ml. serological pipette. The extract thus obtained is now fractionated 
at 0-3° by slowly adding the requisite amounts of solid ammonium sulfate 
with constant stirring. The protein precipitate obtained at the desired salt 
concentration is centrifuged, redissolved in 0.05 m phosphate buffer (pH 
7.0), centrifuged again to remove any insoluble material, and kept frozen 
prior to use. 

Determination of Products Resulting from CSE Activity—Oxalacetate was 
determined qualitatively by the color produced with FeCl; (12) and quanti- 
tatively (a) by the aniline-citrate method of Edson (13); (b) spectrophoto- 
metrically in the Beckman spectrophotometer, model DU, by following the 
increase of absorption at a wave-length of 280 my (14); and (c) as the 2,4- 
dinitrophenylhydrazone of pyruvate (15) after converting the enzymati- 
cally formed oxalacetate to the C; keto acid byacidifying and boiling aliquots 
of the reaction mixture at the end of the incubation period. Acetate pro- 


2 Since this work was completed, Stanier and Ingraham (11) have reported similar 
results with DNase. 

?In connection with the spectrophotometric determination of oxalacetate in the 
presence of Mg ions, it is imperative that the concentration of the latter be strictly 
controlled, since the absorption at 280 my varies with the concentration of Mg or Mn 
ions as well as with the amount of enzymatically formed oxalacetate. 
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duced during the experiment was estimated quantitatively as titratable 
acidity after steam distillation in the presence of mercuric oxide and high 
concentrations of MgSQ, (16), and qualitatively by the color produced with 
lanthanum nitrate (17). Initial and final citrate concentrations were de- 
termined by the method of Natelson et al. (18). 

Assay Method—The breakdown of citrate catalyzed by the enzyme is ac- 
companied by oxalacetate formation which was determined by the increase 
in optical density at 280 mu in the Beckman spectrophotometer. 

Procedure—To a spectrophotometric cuvette with a 1 cm. light path were 
added 100 umoles of phosphate buffer, pH 7.4, 5 umoles of trisodium citrate, 
andenzyme. Readings were taken at 280 mu before and at 15 second inter- 
vals after mixing with 10 umoles of Mg ions. The control cuvette did not 
contain citrate. 

Enzyme Units—1 unit of CSE activity is defined as that amount of en- 
zyme catalyzing the formation of 1 umole of oxalacetate (change in optical 
density of 0.15) per minute with citrate as substrate. Specific activity is 
expressed as units per mg. of protein. 


Results 


Enzyme Purification—The method used for the partial purification of the 
CSE is summarized in Table I and is described in some detail below. A 
typical experiment consisted in adding to 300 ml. of crude cell-free extract 
containing 7790 mg. of protein of specific activity 2.2 units, 500 y of solid 
DNase, and 120 umoles of MgCl, contained in 1.2 ml. of distilled water and 
refrigerating the mixture at 0°. After standing several hours in the re- 
frigerator, the DNase-treated extract was centrifuged to bring down cellular 
materials that had not been removed from the original viscous extract. 
The precipitate was found to be inactive and was discarded. This pro- 
cedure resulted in a slight increase of the specific activity (3.1 units) of the 
enzyme without loss in total units. The active supernatant fluid was now 
adjusted to approximately pH 5.5 by the addition of 15 ml. of 1 mM KH:PQ,. 
To 290 ml. of the centrifuged extract were added 61 gm. of solid ammonium 
sulfate in the cold with constant stirring (to 0.30 saturation), and the mix- 
ture was allowed to stand for 30 minutes at 0°. The precipitate which 
formed was removed by centrifugation, found to be inactive, and discarded. 
The supernatant solution was brought to 0.35 saturation by adding 10.2 gm. 
of solid ammonium sulfate with constant stirring. The precipitate formed 
was collected by centrifugation after 30 minutes and dissolved in 50 ml. of 
0.05 m phosphate buffer, pH 6.1. The solution was dialyzed against dis- 
tilled water for 2 hours. Ammonium sulfate fractions obtained above 0.35 
saturation were found to be inactive. At this point a 4- to 6-fold purifica- 
tion was usually achieved. 
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Protamine sulfate precipitated the CSE in the following procedure. To 
45 ml. of the dialyzed enzyme solution, containing 12.2 mg. per ml. of pro. 
tein, were added 40 mg. of protamine sulfate (Krishell) contained in 2 ml. of 
distilled water. The precipitate, containing the bulk of the activity to 
gether with contaminating nucleic acids, was centrifuged, taken up in 40 nl, 
of 0.25 m K2HPO,, thoroughly mixed, and allowed to stand for 30 minutes 
in the cold. The phosphate buffer eluted the enzyme from the protamine, 
leaving the bulk of the nucleic acids with the insoluble residue, which was 
removed by centrifugation. It is to be noted from the data in Table I that 
in this particular run the treatment did not result in an increased specific 
activity of theenzyme. It was employed, however, because in some experi- 
ments protamine sulfate treatment did yield purer enzyme and in all cases 


TABLE I 
Purification of CSE from E. coli 


Total (Protein! Total | Specific Total | Per cent 


Fraction volume | per ml.| protein jactivity*  unitst | recovery 


ml. meg. mg. 


DNase treatment................... 280 21 5880 
(NH,4)eSO, fraction (0.3-0.35)....... 50 15.4 | 720 
Protamine sulfate eluate............ 40 5.6 | 224 
(NH,4)2SO, fraction (0.3-0.4)........ 5.8 | 11.6 67.3 
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* Units of enzyme activity per mg. protein. 
t As defined in the text. 


made the subsequent ammonium sulfate precipitations much more effective 
as a purification step. 

To purify and concentrate the CSE further, 8.2 gm. of solid ammonium \ 
sulfate were added to 39 ml. of the protamine sulfate eluate to give 0.30 I 
saturation. After standing for 30 minutes in the cold, the precipitate was 
centrifuged and discarded. To the supernatant solution were now added 
in the cold 2.73 gm. of ammonium sulfate with constant stirring to give 0.40 
saturation. The precipitate, containing 67.3 mg. of enzyme protein of spe- 
cific activity 33.0 units in 5.8 ml. of 0.05 m phosphate buffer, pH 7.0, was 
stored in the frozen state at —20°. 

Products and Stoichiometry of Reaction—The stoichiometry of the reaction 
carried out by the purified CSE obtained from anaerobically grown F. coli 
is presented in Table II. These experiments were performed with enzyme 
preparations exhibiting an initial specific activity of 24 umoles of oxalacetate 
per minute per mg. of protein. The only products that were formed were 
acetate and oxalacetate. “Active acetate,” as tested by the hydroxylamine 
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reaction (19), could not be detected. As would be expected, acetate and 
oxalacetate were found in equivalent concentrations with respect to each 
other and to citrate disappearance. For example, in an average of three 
experiments, 14 umoles of citrate disappeared and 11.8 uwmoles of acetate 
and 13.4 wmoles of oxalacetate were formed. At the end of the incubation 
period the latter was determined either as pyruvate after acidifying and 
heating the reaction mixture or as oxalacetate, manometrically, with ani- 
line-citrate. It is to be noted, however, that oxalacetate per se was one of 


TABLE II 
Stoichiometry of Reaction Carried Out by Purified CSE from E. coli 
Citrate Products formed 
Initial Final Acetate 
As CO: _ | As pyruvate 
min. pumoles pmoles pmoles pmoles pmoles umoles 
1 5 25.0 11.0 14.0 11.8 13.4 
0 21.6 21.6 0 0 0 
5 21.6 11.8 9.8 9.7 8.1 
15 21.6 10.8 10.8 9.7 8.7 
30 21.6 9.5 12.1 9.7 9.1 


In Experiment 1, the reaction vessel contained 25 umoles of citrate, 100 umoles 
of phosphate buffer, pH 7.0, 0.1 ml. of CSE, and 10 wmoles of MgSO,. Temperature 
25°. The values given represent averages of three different experiments. 

In Experiment 2, the vessel contained 200 umoles of phosphate buffer, pH 7.0, 
1.5 mg. of protein obtained between 0.2 and 0.3 ammonium sulfate saturation, 21.6 
umoles of citrate, 10 uzmoles of MgCl, and distilled water to volume. Temperature 
33°. The reaction was terminated on addition of either 0.3 ml. of 10 N HeSQO, or 0.5 
ml. of a 50 per cent solution of citric acid. 

* Oxalacetate was determined at the times indicated as pyruvate in one Warburg 
vessel and as CO: by the aniline-citrate method in a duplicate cup. Citrate disap- 
pearance was followed in the pyruvate cup. 


the products formed as a result of CSE action. This is also evident from 
the data presented in Experiment 2, Table IJ, in which enzymatically 
formed oxalacetate was measured by CQ, evolution on the Warburg respi- 
rometer after addition of aniline-citrate, and from the data illustrated in 
Fig. 1, in which enzymatic production of oxalacetate resulted in an increase 
in optical density at 280 mu. The latter experiment also reveals that the 
oxalacetate, once it is produced, does not disappear from the reaction mix- 
ture either by enzymatic reaction or spontaneously. Furthermore, it is 
interesting to note that, when aliquots of the reaction mixture are periodi- 


‘With crude CSE preparations, a slight disappearance of oxalacetate was noted, 
particularly after prolonged incubation periods. 
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cally removed after equilibrium had once been reached, acidified, heated, 
and the pyruvate content determined, the concentration of keto acid like. 


wise remains constant. 


OPTICAL DENSITY AT 280 mu 


1.00 s +50 
PYRUVATE 

440 
$ 
a 
— : 
OPTICAL DENSITY DUE TO 30% 
OXALACE TATE 

420 

41.0 

0 10 20 30 40 50 60 70 80 90 
MINUTES 


Fig. 1. Oxalacetate formation by partially purified CSE, measured as pyruvate 
or oxalacetate. 116 wmoles of phosphate buffer, pH 7.4, 11.6 wmoles of MgSO,, 0.2 
ml. of enzyme, and 35 wmoles of citrate. Final volume, 3.5 ml. Pyruvate was de- 
termined on 0.1 ml. aliquots taken at the times indicated. The aliquot was pipetted 
into 0.5 ml. of 3 N H.SO, and boiled for 5 minutes to convert the oxalacetate to py- 
The latter was then determined by the usual procedure (15). 


ruvate. 
TaBLeE III 
Effect of Magnesium and Manganese Ions on CSE Activity 
Conditions Oxalacetate formed 
pmoles 


5 umoles of citrate, 0.05 ml. of purified CSE, 100 wmoles of either phosphate or 
Tris buffer, pH 7.8 and 7.6, respectively, and 10 wmoles of either MnCl: or MgCl:. 
Time of incubation at room temperature, 3 minutes. 


Cofactor Requirements—A requirement for either Mn or Mg ions has been 
demonstrated (Table III). In order to show the metal requirement for 
CSE activity, it was necessary to measure oxalacetate formation as pyru- 
vate, since both Mg and Mn ions form a complex with oxalacetate, thereby 
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altering its absorption (20). This is further illustrated in Fig. 2 where an 
increased absorption at 280 my is noted, owing to increased concentrations 
of Mg ions in the presence of either Mg ions and oxalacetate alone (A) or 
with citrate, Mg ions, and enzyme (B). Under the latter conditions, in- 


A 
604M Mg Clo 

0.900;F- 

0.700}- Mg Clo 
8 
Mg Clo 
1.000 
uJ 
oO 
a 30uM Mg Clo 
a 
xs 600 Mg Clo 

0. 3M Mg Clo 
IN EACH CASE 2.44 M OF 
PYRUVATE WERE FOUND 
0.200} 
O | 2 3 4 5 
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Fig. 2. Effect of magnesium on the absorption of oxalacetate at 280 mu. A, 10 
umoles of oxalacetate and Mg ions in the indicated concentrations. Total volume, 
3ml. B,2.5umoles of citrate, 100 umoles of phosphate buffer, pH 7.4, 0.5 ml. of CSE, 
and the indicated amounts of Mg ions. Total volume, 3 ml. 


creasing the amounts of Mg ions resulted in corresponding increases of ab- 
sorption at 280 mu. However, in each case the same amount of oxalacetate 
(determined as pyruvate) was formed, indicating that the increase in ab- 
sorption was due to increased magnesium concentrations rather than in- 
creased amounts of oxalacetate. The involvement of a dimercaptan in this 
reaction was contraindicated by the observation that arsenite did not inhibit 
USE activity (21). 

Effect of pH and Buffer—Activity of the enzyme as a function of pH is 
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illustrated in Fig. 3, with potassium phosphate as buffer. The reaction 
proceeds in this buffer and also in the absence of phosphate. There is no 
apparent sharp pH optimum; 7.e., the reaction will proceed at the same rate 
between pH 7.0 and 8.0. The rate of the reaction, however, falls off sharply 
below pH 6.0 and above pH 9.0. 

Properties of Enzyme—In crude extracts the enzyme remains stable for a 
number of weeks when kept frozen at —20°. Purified preparations, how- 
ever, are extremely labile when stored in dilute solution, but can be stabi- 
lized when kept concentrated in 0.05 m phosphate buffer. Prolonged dialy- 
sis results in progressive loss of enzymatic activity. 
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Fig. 3. Effect of pH on the activity of the CSE from FE. coli. 25 wmoles of citrate, 
10 upmoles of MgCl., 200 umoles of phosphate buffer of the desired pH, and 0.1 ml. of 
enzyme (ammonium sulfate fraction between 0.2 to 0.3 saturation). Time of incu- 
bation, 5 minutes. Temperature 33°. 


Enzyme Formation—The CSE appears to be an adaptive enzyme, as it is 
formed in large amounts when the organisms are grown anaerobically in the 
presence of both glucose and citrate. This can be inferred from the data 
in Table IV, in which citrate disappearance under anaerobic conditions 
occurs with citrate-glucose-adapted cells and not with either acetate- or 
glucose-grown bacteria. Likewise, cell-free extracts prepared from citrate- 
glucose-adapted cells will dissimilate the C.-tricarboxylic acid to a much 
greater extent than similar extracts obtained from aerobically grown E. 
coli.5 Further, from an analysis of the products formed, it is evident that 


5 There is no discrepancy between Experiments 1 and 2 in Table IV. It has been 
shown (7) that, although untreated E. coli will not oxidize citrate, cell-free extracts 
of this bacterium will metabolize this Cx, acid. 
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the former extracts produce oxalacetate which arises from citrate by the 
CSE, whereas the latter do not produce significant amounts of this C, acid. 
A possible mechanism of citrate dissimilation by cells grown aerobically on 
an acetate-containing medium has been described elsewhere (6). The rapid > 
utilization of citrate by growing L. colz in the presence of both glucose and 
citrate, as previously shown by Lominski et al. (22) and Vaughn et al. (23), 
has been confirmed in this study. 


TABLE IV 
(Citrate Metabolism by E. coli Grown under Aerobic and Anaerobic Conditions 
Products formed 
Cos 
1sap- 
| Enzyme preparation uptake evolved a-Keto-| Suc- 
| acetate | cinate 
| nl. pl. pumoles  ymoles | umoles | wmoles 
1 | Glucose-citrate-grown cells* 0 73.9.6 
Acetate-grown cellst 0 0. O 
2 Extract from glucose-citiate cells* 0 134 18.5) O 16.0 | O 
| “  acetate-grown cellsf 175 63 6.4 1.6 1.6 3.8 
3 glucose-grown “ * 1.4 


Each vessel contained 20 umoles of citrate, 100 umoles of phosphate buffer, pH 7.4, 
25 mg. of cells or 1 ml. of crude extract, and either 0.3 ml. of NaOH in the center 
well or 0.3 ml. of H2SO, in the side arm. Temperature 33°. 

* Anaerobic conditions of growth. 

t Aerobic conditions of growth. 


Comment 


It has been established, principally by the experiments of Koser (24), 
that most members of the genus Escherichia, in contrast to those of Aero- 
bacter, cannot develop appreciably in a mineral salts-ammonium-nitrogen 
medium containing citrate as the sole source of energy and the main source 
ofcarbon. Yet, in recent years, it has been found that FH. colz will utilize 
citrate for growth, provided additional substances such as glucose or acetate 
are present. Further, non-proliferating, resting cell suspensions of this 
organism will metabolize citrate after their cell walls have been altered by 


either lyophilization or drying over concentrated sulfuric acid. Cell-free 


extracts will likewise metabolize citrate quite rapidly under both aerobic 
and anaerobic conditions. The mechanism of citrate breakdown is different 
with different enzyme preparations. For example, extracts obtained from 
E. coli grown on acetate under aerobic conditions will metabolize citrate 
primarily by the Krebs cycle reactions, whereas extracts from anaerobically 
glucose-citrate-grown cells will break citrate down directly into acetate and 
oxalacetate. The mechanism of this latter reaction in which the CSE is 
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involved is different from the one responsible for the breakdown of citrate 
by the condensing enzyme. This is based upon the observation that CSE 
does not require CoA for its activity. Additional evidence for this conten- 
tion will be presented in Paper IT. 

The CSE appears to be an adaptive enzyme, as it will form in large 
amounts when the organisms are grown anaerobically in the presence of 
both citrate and glucose. Aerobically acetate-grown LF. coli contains little 
or no CSE. 6- to 20-fold purification, with 13 to 20 per cent recovery of 
the enzyme, has thus far been achieved by ammonium and protamine sul- 
fate treatment. Oxalacetate and acetate are the reaction products. A 
requirement for either Mn or Mg ions has been demonstrated. Other co- 
factors do not appear to be necessary at this stage of CSE purity. The re- 
action will proceed in the absence of phosphate, and there is not a sharp pH 
optimum. 

One of the difficulties that has been encountered in connection with the 
purification of the CSE has been its relative instability in dilute solutions. 
Although it is comparatively more stable in concentrated salt solutions, 
future efforts need to be directed towards its stabilization before further 
purification is attempted. 


SUMMARY 


An enzyme, which is present in large amounts in Escherichia coli grown 
under anaerobic conditions in the presence of citrate and glucose, has been 
partially purified and its characteristics studied. The enzyme, referred to 
as citrate-splitting enzyme, breaks down citrate to acetate and oxalacetate 
and functions in the absence of added CoA. Mg or Mn ions are required 
for its activity. 
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CITRITASE, THE CITRATE-SPLITTING ENZYME FROM 
ESCHERICHIA COLI 


Il. REACTION MECHANISMS 


By ROBERT W. WHEAT* ann SAMUEL J. AJL 


(From the Department of Bacteriology, Communicable Diseases Division, Army 
Medical Service Graduate School, Washington, D. C.) 


(Received for publication, March 2, 1955) 


An enzyme has been isolated and partially purified from crude extracts 
of anaerobically grown Escherichia coli which, in the presence of Mg or Mn 
ions, splits citrate into equivalent concentrations of acetate and oxalacetate 
(1). This communication deals with the mechanism and kinetics of this 


reaction. 
Methods and Materials 


Spectrophotometric Measurements of Enzymatic Activity—The enzymatic 
activities of aconitase and isocitric, a-ketoglutaric, malic, lactic, and glu- 
tamic dehydrogenases were followed in the Beckman DU spectrophotometer 
in the presence of either triphosphopyridine or diphosphopyridine nucleo- 
tide and the requisite substrates. Fumarase activity was detected by an 
increase in absorption at 240 my with malate as substrate (2). The color 
of the formazan derivative produced as a result of the reduction of 2,3 ,5- 
triphenyltetrazolium chloride by succinic acid in the presence of enzyme was 
used as a qualitative index of succinic dehydrogenase activity (3). Acetate- 
activating enzyme and condensing enzyme activities were measured accord- 
ing to the methods of Novelli and Lipmann (4). Oxalacetate decarboxylase 
activity was determined manometrically and was based on the rate of de- 
carboxylation of oxalacetic acid in the presence of enzyme, substrate, Mn 
ions, and buffer (5). 

Preparation of Radioactive Citric Acid—Radioactive citrate was prepared 
by incubating oxalacetate, 2-C-acetate, ATP,' CoA, cysteine, Mg ions, and 
carrier substrate together with crude extracts obtained from acetate-grown 


* Fellow of the United States Public Health Service. Present address, Institute 
of Arthritis and Metabolic Diseases, National Institutes of Health, Bethesda, Mary- 
land. This work represents a portion from a dissertation submitted in January, 
1955, to the Graduate School of Washington University, St. Louis, Missouri, in par- 
tial fulfilment of the requirements for the degree of Doctor of Philosophy. 

' The following abbreviations are used: citrate-splitting enzyme, CSE; adenosine 
triphosphate, ATP; coenzyme A, CoA; tris(hydroxymethyl)aminomethane, Tris; 
oxalacetate, OAA. 
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E. coli. Radioactive citrate was isolated at the end of the incubation pe. 
riod (after steam distillation of residual 2-C"-acetic acid) and purified chyo. 
matographically according to the procedure of Lugg and Overell (6). Ajj 
radioassays were madewitha conventional gas flow counter. After neutral. 
ization, solutions were pipetted onto recessed aluminum disks and dried 
under an infra-red lamp. Appropriate corrections for self-absorption were 
applied. 

Treatment with Dowex 1—Treatment with the anion exchange resin, 
Dowex 1, will remove CoA from enzyme solutions (7). The 200 to 40 
mesh Dowex 1 was first treated with n hydrochloric acid, carefully washed 
until acid-free with distilled water, and centrifuged to remove excess water, 
About 0.5 volume of this semidry resin was mixed with a volume of enzyme 
solution and kept in the cold for 5 to 10 minutes with occasional stirring and 
shaking. The mixture was then passed through a 50 ml. syringe, in the 
bottom of which was placed a plug of cotton to remove the resin. The re- 
sulting extract was brought to a pH of 7.0 by the dropwise addition of 0.05 
N NaQH or Tris buffer. 

CoA Assay—The concentration of CoA in both crude and Dowex-treated 
extracts was determined by the method of Stadtman and Kornberg (8) with 
Pabst CoA (70 per cent pure) as the standard. 

Protein Determination—Protein concentrations were determined by the 
turbidimetric method of Stadtman ei al. (7). 

All other methods, i.e. the determination of acetate and oxalacetate re- 
sulting from CSE activity, the preparation of cell-free extracts for fraction- 
ation, and the partial purification of the CSE from anaerobically grown E. 
coli (strain E26), have been described in Paper I of this series. 


EXPERIMENTAL 


Mechanism of CSE Action—The most significant observation concerning 
the CSE is that it functions in the absence of CoA. The data of Table I 
reveal that CSE activity is independent of CoA concentration. Although 
the specific activity of the CSE decreased upon exhaustive Dowex treat- 
ment, approximately one-third of the activity remained in the complete 
absence of the coenzyme. Further, the addition of CoA to the Dowex- 
treated extract did not result in increased CSE activity. On the other 
hand, a strict CoA dependence was always observed when citrate synthesis 
was measured with the condensing enzyme system from acetate-grown EF. 
coli. It is this characteristic which most clearly differentiates the condens- 
ing enzyme from the CSE. However, the point of attack on citrate by the 
CSE and the condensing enzyme appears to be between the same 2 carbon 
atoms. This becomes evident from an analysis of the data of Table II. 
The radioactive citrate employed in this experiment was obtained by incu- 
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bating, under anaerobic conditions, 2-C“-acetate, oxalacetate, carrier cit- 
rate, ATP, and CoA with a crude extract obtained from acetate-grown E. 
oli. The radioactive citrate which formed as a result of condensing en- 
ryme activity (4) was isolated from the reaction mixture, purified, and 


TaBLe I 
Effect of CoA on CSE Activity 


| Acetyl phosphate | 
Additions to test system* = ‘CoA equivalentt 
Initial | Final A 

| pmoles pmoles pmoles per 0.5 ml. 
Boiled erude CSE supernatant solutiong. 6.8 4.1 2.7 32.4 

Boiled crude CSE (twice Dowex- tveated) | | 

supernatant fluidf + 207CoA | 6.8 | 5.2 1.6 | 19.0 


*The test system consisted of 0.5 ml. of a crude extract twice Dowex-treated 
(containing both phosphotransacetylase and CSE), 100 umoles of Tris buffer, pH 8.0, 
68 umoles of dilithium acetyl phosphate, 10 wmoles of cysteine, various concentra- 
tions of CoA (Pabst, 70 per cent pure), and 50 uwmoles of sodium arsenate (added 5 
minutes after starting the reaction). Total time of incubation, 25 minutes. The 
erude CSE used for phosphotransacetvlase contained 31.2 mg. per ml. of protein, 
with a CSE specific activity of 0.65 umole per minute per mg. After two Dowex 
treatments, the protein concentration fell to 20.8 mg. per ml., with a specific ac- 
tivity of 0.23 umole per minute permg. Addition of CoA did not increase the specific 
activity of the Dowex-treated preparation. 

t 1 umole of acetyl phosphate change is equivalent in this system to 8.4 y of CoA. 

t To test the concentration of CoA in these extracts, 2 ml. of extract were boiled 
for 3.5 minutes, centrifuged, and 0.5 ml. of the supernatant fluid was added to the 
reaction mixture. That CoA is not destroved by this procedure is indicated by the 
recovery of added CoA after boiling. 


exposed to the action of the CSE in the absence of CoA. The radioactivity 
was recovered only in the acetate moiety of the citrate molecule, while the 
oxalacetate that formed was inert. Thus, the CSE appears to break citric 
acid down at the same point at which it is synthesized by the condensing 
enzyme. 

That the CSE is different from the condensing enzyme is also indicated 
by the finding that the former inhibits the synthesis of citrate by the latter 
system. Results of such an experiment are illustrated in Table III. It is 
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not clear, however, whether this is due to the actual inhibition of citrate 

synthesis by the condensing enzyme or to the split of citrate by the CSE, 
Substrate Specificity and Contaminating Enzymes—Several compounds 

with configurations similar to that of citric acid were tested for oxalacetate 


TABLE II 


Distribution of Radioactivity in Products Formed As Result of Action of CSE 
on Radioactive Citric Acid 


Products formed 
2-C4-Citrate 
Acetate Oxalacetate* 
c.p.m. c.p.m. c.p.m. 
39 , 340 33,100 | 34 


Approximately 5 wmoles of 2-C'!-citrate containing 39,340 ¢.p.m., 200 ymoles of 
phosphate buffer, pH 7.0, 10 umoles of MgSO,, and 1 ml. of Dowex 1-treated enzyme 
(enough enzyme was added to break down 10 umoles of citrate in 10 minutes), which 
in this case represents an ammonium sulfate fraction precipitated between 0.2 and 
0.3 saturation at pH 5.4. Time of incubation, 10 minutes. Temperature 25°. The 
acetate in this experiment was recovered by steam distillation from acid solution 
in the presence of high concentrations of magnesium sulfate and mercuric oxide to 
trap carbonyl compounds (9). Under these conditions pyruvate and oxalacetate do 
not distil over. 

* Counted after elution from a paper chromatogram. 


III 
Inhibition of Citrate Synthesis by CSE 
Conditions | Citrate formation 
| pmoles 
Oxalacetate, acetate, Mg ions, CoA, ATP, and crude extract*.. .. 3.8 


50 wmoles of Tris buffer, pH 7.4, 20 wmoles each of oxalacetate and acetate, 10 
umoles of MgSO,, 4 mg. of ATP, 0.2 ml. of crude extract containing 5.2 mg. of pro- 
tein, and 1 mg. of CoA made up in 0.5 M freshly neutralized cysteine. Total volume, 
2.2 ml. Time of incubation, 30 minutes. 

* Crude extract obtained from aerobically grown E. coli which is known to con- 
tain the condensing enzyme. 


formation with purified CSE. These included isocitric, tricarballylic, cis- 
aconitic, itaconic, and citraconic acids. None of these compounds gave rise 
to oxalacetate. 

The purified CSE, when tested in equivalent amounts as used in our ex- 
periments, was found to be free of the following terminal respiratory en- 
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zymes: aconitase, fumarase, oxalacetate decarboxylase, malic, isocitric, 
a-ketoglutaric, and succinic dehydrogenases, and condensing enzyme. It 
did, however, contain glutamic and lactic dehydrogenases. 

Reaction Rates—The effect of enzyme concentration on the initial rate of 
oxalacetate formation is shown in Fig. 1. It appears that the initial reac- 
tion rate is proportional to the concentration of the CSE. The effect of 
substrate concentration on the rate of oxalacetate formation is illustrated 
in Fig. 2. Under the experimental conditions employed, it was found that 
limiting substrate concentrations were achieved. The initial rate of oxal- 
acetate formation was the same from a concentration of 3.3 XK 10 to 8.3 X 
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Fig. 1. Effect of enzyme concentration on rate of oxalacetate formation. 100 
umoles of phosphate buffer, pH 7.4, 25 uwmoles of sodium citrate, 10 wmoles of MgSO,, 
and the indicated amounts of enzyme. Total volume, 3 ml. Reaction terminated 
on the addition of 0.3 ml. of 12 N H.SO, after the last reading. 


10 mole per liter. It would, therefore, appear that the value of 3.3 x 
10~ mole per liter is still above the K,, (Michaelis constant) value of this 
system. This in turn suggests a strong affinity between the CSE and its 
substrate. 

Equilibrium and Reversibility—In the presence of excess substrate, the 
extent to which the reaction carried out by the purified CSE proceeds is a 
function of the enzyme concentration. Thus, the data exhibited in Fig. 1 
reveal that, with a constant amount of substrate, the amount of oxalacetate 
formed is strictly dependent upon the amount of enzyme present. On the 
other hand, the reaction went to completion with limited amounts of sub- 
strate and “excess” enzyme. This is illustrated in Table IV where it is 
shown that the reaction goes to completion with 2.5, 5, and 10 umoles of 
citrate in the presence of ‘‘excess’”? enzyme. With 25 umoles of substrate, 
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the enzyme may have become limiting and only 20 umoles of citrate disap. 
peared.? These findings indicate that the reaction citrate — oxalacetate + 
acetate is much in favor of product formation and cannot be used for the 
determination of an accurate equilibrium constant. 
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| 
| 
ro) | 
0300+ | 
0200+ 
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0.33,.M/mi 
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MINUTES 
Fic. 2. Effect of substrate concentration on oxalacetate formation by the CSE 
from E.coli. 0.05 ml. of enzyme, 100 umoles of phosphate buffer, pH 7.4, 10 umoles 


of MgCl2, and various concentrations of sodium citrate as indicated. Total volume, 
3 ml. 


In order to learn whether the reaction is reversible, an experiment was 
performed in which radioactive acetate and oxalacetate were employed with 
and without citrate. Radioactive acetate was used because it afforded a 


? It has been suggested by Dr. Earl Stadtman that, since oxalacetate and mag- 
nesium ions form complexes, the equilibrium of the reaction as determined here may 
be a function of the concentration of magnesium and not necessarily of the amount 
of enzyme present. 
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very sensitive method for the detection of citrate synthesis. Minute 
amounts of citrate formation could be detected by adding carrier citrate at 
the end of the incubation period and counting the latter after reisolation 
and purification. The results of one such preliminary experiment are 
shown in Table V. Several observations deserve comment: (1) In the pres- 
ence of radioactive acetate, oxalacetate, and CSE, some radioactivity is in- 
corporated into citric acid. The amount of incorporation is very small, 
since no more than 2.6 per cent of the starting acetate was recovered in cit- 
rate; (2) CoA and ATP do not enhance the incorporation of acetate into 
citrate; and (3) citrate, when incubated together with acetate, oxalacetate, 
and CSE at the start of the experiment, inhibits the incorporation of ace- 


TaBLeE IV 


Relationship between Initial Substrate Concentration and Product Formation in 
Presence of Excess CSE 


Experiment No. Time Citrate added Oxalacetate formed 
min. pmoles pmoles 
1 30 2.5 2.46 
2 45 2.5 2.49 
3 30 5.0 5.00 
4 45 5.0 5.11 
5 30 10.0 10.6 
6 45 10.6 10.3 
7 30 25.0 21.2 
8 45 25.0 20.6 


Total volume of reactants, 3.0 ml. Each tube contained 100 umoles of phosphate 
buffer, pH 7.4, 10 umoles of MgCl2, 1 mg. of enzyme, and the indicated amounts of 
substrate. Temperature 33°. 


tate. Attempts to show citrate formation from oxalacetate and acetate 
spectrophotometrically by a decrease in optical density at 280 my were not 
successful. 

Inhibition of CSE Activity by Reaction Products—The reaction products 
were found to have a marked inhibitory effect on CSE activity. This is 
illustrated in Figs.3 and 4. The data in Fig. 3 reveal that acetate and oxal- 
acetate when added to the incubation mixture together or separately in- 
hibit oxalacetate formation from citrate by the purified CSE. Fig. 4 
reveals that the time of exposure of the end-products to the enzyme may 
likewise be a factor in this inhibition. When 0.05 ml. of enzyme and 5 
ymoles of substrate are used and the reaction is allowed to go to completion, 
the pattern of the over-all reaction is obtained (Curve A). With the same 


* Evidence for the inhibitory effect of the reaction products of citritase activity 
has been briefly reported on by Dagley and Dawes (10). 
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TaBLE V 
Reversibility of Reaction 
Additions 

min. 

1. CSE + 2-C'-acetate + OAA + CoA + ATP 10 
30 

2 + +. + +- +. 10 
rate 30 

3. CSE + 2-C't-acetate + OAA 10 
30 

+ ‘“ -+ citrate 10 
30 

+ citrate 10 
30 

6. 2-C'-Acetate + OAA + citrate (no enzyme) 10 
30 


Final activity 
recovered in 
carrier citrate 


13,000 
36, 561 
1,850 
4,899 
12,950 
64,562 
2,200 
3,904 


2, 303 


() 


and 10 wmoles of MgCl. 


0.2 ml. of purified CSE, 100 umoles of phosphate buffer, pH 7.4, 100 wzmoles of oxal- 
acetate, 2 umoles of 2-C'!-acetate containing approximately 2.5 X 10° ¢.p.m., 0.5 mg. 
of CoA (Pabst 70 per cent pure), 10 umoles of MgCl., 25 wmoles of trisodium citrate, 
and 5 mg. of disodium ATP. Room temperature. Total volume, 3.0 ml. Carrier 
citrate added to all tubes at the end of the incubation period. 
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Fic. 3. Effect of reaction products on CSE activity. Each cuvette contained 
0.05 ml. of purified CSE, 5 umoles of citrate, 100 umoles of phosphate buffer, pH 7.7, 


acetate, 1.8 umoles of oxalacetate, or both. 


To appropriate cuvettes were added either 50 umoles of 
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amount of enzyme and one-half the amount of substrate, the reaction like- 
wise proceeds in proportion to the amount of substrate. However, when 
anadditional increment of substrate, 7.e. 2.5 umoles of citrate, is now added 
(making the total substrate concentration equal to that of Curve A), the 


A. B. 
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0 2 4 6 8 WW 0 24 6 8 1 
MINUTES 


Fic. 4. Effect of increment addition of substrate on CSE activity. 100 umoles 
of phosphate buffer, pH 7.4, 10 wmoles of MgSO,, and other additions as indicated. 


reaction does not go to completion (Curve C), indicating a partial inactiva- 
tion of the enzyme. That this effect may be due to both the accumulation 
of end-products and time of exposure of end-products to the enzyme is 
shown in Curves B and C of Fig. 4. For example, if additional substrate 
isadded only 2.5 minutes after exposure of initial substrate and enzyme, the 
reaction continues and tends to approach completion (Curve D). How- 
ever, if ““excess’’ enzyme is present (Curve B), addition of citrate after 2.5 
minutes of exposure of enzyme to substrate does not affect the extent of 
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the reaction. It is to be emphasized that inhibition of enzymatic activity 
occurs only when the reaction products are present. Fig. 5 reveals that 
no loss of CSE activity takes place when the latter is incubated for as long 
as 10 minutes without added substrate. 


O800+ 


O0400}- 


OPTICAL DENSITY AT 280 my 


2) 


Substrate Substrate 


Oo 

© 


O 5 10 5 20 25 30 
MINUTES 
Fig. 5. Effect of incubation of enzyme without substrate on enzyme activity. 
5 umoles of citrate, 100 umoles of phosphate buffer, pH 7.8, 10 umoles of MgClo, 0.05 
ml. of purified CSE, and distilled water to volume. Substrate added at the times 
indicated. 


DISCUSSION 


A striking characteristic of the CSE is its inhibition by the products it 
produces as a result of its enzymatic activity. This can be shown either by 
allowing the reaction to proceed in the presence of citrate as substrate and 
limiting amounts of enzyme or by the addition of either oxalacetate or ace- 
tate to the reaction mixture. This effect is particularly pronounced with 
oxalacetate. In this connection, it is important to note that the CSE be- 
haves as if it were a component of the reaction. This is particularly evident 
from the data presented graphically in Fig. 1, where a strict proportionality 
between added enzyme and final product formation is noted. Two possible 
explanations are offered for this finding. (a) A complex between oxalace- 
tate and enzyme or oxalacetate and magnesium without or with enzyme is 
formed, which inhibits or denatures the enzyme, and (b) the ratio of product 
to enzyme determines the extent of the reaction in the region of limiting 
enzyme concentration. It would be of interest to compare the Michaelis 
constants of the various reactants of the system. It is tempting to specu- 
late that such data would reveal a very strong affinity between enzyme and 
oxalacetate. 
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The fact that the products of CSE action inhibit the extent to which 
the reaction will proceed would mean that, in vivo, new enzyme would have 
either to be formed or regenerated for continued citrate utilization. The 
former possibility 1s excluded on the basis that it would require grams of 
enzyme to metabolize even part of the citrate supplied to the organism 
inthegrowth medium. Regeneration of active enzyme, therefore, appears 
to be the more likely possibility. Since, as was shown earlier, the CSE 
invitro is inhibited by the products it produces during the anaerobic growth 
of the organism when large amounts of the C, acid are metabolized via the 
(SE, the latter could be regenerated by a rapid removal of the reaction 
products by other enzymes, thus allowing CSE action to continue indefi- 
nitely. Alternatively, a cofactor thus far unidentified may be associated 
with CSE activity. If such a cofactor were present in limiting amounts, 
it might be used up, thus limiting the reaction unless it is added or re- 
generated during the incubation period. 

From the data presented in this report it was not possible to calculate an 
equilibrium constant for the CSE reaction. Very recently, Burton (11) 
calculated the free energy change of such a system, based on thermodynamic 
considerations only. From his value of 70 calories, K for the CSE reaction 
has been calculated to be 0.89 at pH 7.2 and 25°. It has not been possible 
to obtain this value experimentally because, under the conditions of the 
experiment, the reaction usually proceeds to completion. A possible ex- 
planation for this discrepancy has been suggested in the experimental sec- 
tion. 

The CSE and condensing enzyme are two different enzymes, although 
they both split citrate into acetate and oxalacetate at the same point of 
(,-tricarboxylic acid. The observations that the CSE does not require 
CoA (Table I), that it inhibits citrate synthesis in the presence of the con- 
densing enzyme, and that its equilibrium is far in favor of oxalacetate and 
acetate production leave no doubt that the CSE is different from the con- 
densing enzyme. 


SUMMARY 


The mechanism of the reaction citrate — acetate + oxalacetate as car- 
ned out by the citrate-splitting enzyme has been studied. The equilibrium 
of the reaction was found to be far to the right and reversible only to a 
limited extent. The products of the reaction are distinctly inhibitory to 
the action of the enzyme. 


Theauthors wish to acknowledge heartily the valuable criticisms and sug- 
gestions received from Dr. I. C. Gunsalus, Dr. E. R. Stadtman, and Dr. 
H. M. Kalckar in the writing of these manuscripts. After comparing our 
data with those of Dr. Gunsalus, it is concluded that the enzyme described 
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here is identical with the citritase responsible for the adaptive citrate fer. 
mentation pathway in Escherichia coli. A full account of his work jis to 
appear shortly in another journal. 
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Hydrolysis of glucuronides is a prerequisite for the quantitative deter- 
mination or the isolation of a number of physiologically important com- 
pounds which are conjugated with glucuronic acid in the animal body. The 
use of acid for this hydrolysis has frequently brought about chemical altera- 
tion of the product under study (1-4). The need for a hydrolytic agent 
which is specific and sufficiently mild to preclude the possibility of chemical 
alteration has led to the investigation of biological catalysts (enzymes). 
Obviously, an enzyme possessing the capacity to hydrolyze glucuronides at 
alow temperature and approximate neutrality should fulfil these require- 
ments. Preparations containing such activity have been obtained from 
both mammalian and bacterial sources. Fishman et al. (5-7) and others 
(8,9) have published reports on the preparation and purification of the en- 
zyme from animal sources, and Buehler et al. (10) have presented details of 
the preparation and use of B-glucuronidase from Escherichia coli. The ex- 
perimental work which is reported in this paper defines more clearly the 
conditions for the production of the latter and describes some of the charac- 
teristics of the partially purified product. 


EXPERIMENTAL 


Assay of Bacterial B-Glucuronidase—The determination of the glucuroni- 
dase activity is carried out by a modification of the procedure outlined by 
Talalay, Fishman, and Huggins (11). To 0.1 ml. of the enzyme! solution 
are added 1.9 ml. of m/45 phosphate buffer (pH 6.8) and 1 ml. of a sodium 
phenolphthalein glucuronidate solution (pH 6.8) containing the equivalent 
of 320 y of phenolphthalein. After incubation of the resulting solution for 
} hour at 37°, 1 ml. is removed and added to 5 ml. of 0.4 m glycine buffer 
(pH 10.4). The phenolphthalein liberated, which is proportional to the 


*The material presented herein is taken, in part, from a thesis submitted to the 
Graduate School of St. Louis University by Miles L. Doyle in partial fulfilment of 
the requirements for the degree of Doctor of Philosophy in Biochemistry. 

‘Since the amount of phenolphthalein liberated is influenced by the concentration 
of the substrate, a relatively constant concentration of substrate is maintained 
throughout the assay by using an appropriate dilution of the enzyme, which permits 
the liberation of only from 10 to 25 y of phenolphthalein. 
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time of incubation and enzyme concentration, is determined by means of, 
Klett-Summerson colorimeter with the use of a green filter (range 500 ty 
570 mu) and a standard curve. The activity is expressed as micrograms of 
phenolphthalein liberated in 1 hour (micrograms of phenolphthalein liber. 
ated in 3 hour X 2 X 10 X 3), or units per ml. of the original enzyme soly. 
tion. 


Production of B-Glucuronidase by FE. coli 


Inoculum—The strain of F. colt which was originally (10) isolated from 
a patient with cystitis has been maintained on nutrient agar slants by peri. 
odic transfers. Inocula were prepared by loop transfer of the organism 
from agar slants to nutrient broth (0.3 per cent beef extract, 0.5 per cent 
peptone). After incubation at 37° for 24 hours, 1 ml. of the resulting cul. 
ture was added to each 250 ml. of the culture fluid used for enzyme produe- 
tion; an excess of this inoculum or the use of older cultures (more than 24 
hours) has been found to result in decreased enzyme production. These 
cultures were then incubated for 24 hours at 25° without agitation before 
being placed on the shaking machine. 

Composition of Medium—lIn a systematic study to evaluate each of the 
ingredients which was used in the culture medium (10), it was found that 
sodium chloride and beef extract were unnecessary. In fact, the presence 
of beef extract somewhat retarded the production of enzyme. 

Furthermore, the use of ammonium menthol glucuronidate as the sub- 
strate for stimulating glucuronidase production gave results which were as 
good as those obtained with the free acid. In media containing 1.0 per cent 
Difco Bacto-peptone and 3.0 per cent sodium glycerophosphate, the amount 
of enzyme produced increased with increasing concentration of ammonium 
menthol glucuronidate up to 1.0 per cent. However, increasing the sub- 
strate concentration above 0.6 per cent gave only a slight increase in the 


production of enzyme. Maximal activity was attained by incubation at 


25° with constant agitation on a rotary shaking machine (80 to 100 r.p.m.) 
for periods of from 5 to 7 days. 

The results of the studies to ascertain the optimal concentrations of pep- 
tone and sodium glycerophosphate are shown in Fig. 1. All samples of the 
culture media contained 0.6 per cent ammonium menthol glucuronidate 
and were adjusted to between pH 6.5 and 6.8. Maximal activities in Fig. 1 
were obtained by incubation for 6 days under the conditions described 
above. Media containing 5 and 7.5 per cent sodium glycerophosphate gave 
the highest activities with all concentrations of peptone studied. With 
these concentrations of sodium glycerophosphate, maximal production of 
enzyme was obtained with 3 per cent peptone. 

For the original culture medium employed by Buehler et al. (10), the 
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optimal pH was found to be 7.3. The culture medium, as presently modi- 
fed, affords maximal production of enzyme at an initial pH of from 6.5 to 
68. It was noted that during incubation the pH increased about 0.2 unit 
and that this change occurred during the period in which production of 
enzyme was rapid. 

The modified medium is, therefore, composed of 0.6 per cent ammonium 
menthol glucuronidate, 5.0 per cent sodium glycerophosphate, 3.0 per cent 
Difeo Bacto-peptone, and HCl to adjust the pH between 6.5 and 6.8. 
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Fic. 1. Relationship of peptone and sodium glycerophosphate to the production 
of bacterial 6-glucuronidase by EF. coli. Concentration of sodium glycerophosphate, 
Curve 1, 3 per cent; Curve 2, 4 per cent; Curve 3, 5 per cent; Curve 4, 7.5 per cent. 
The media contained 0.6 per cent ammonium methanol glucuronidate in addition to 
the peptone and sodium glycerophosphate indicated in the figure. Values are re- 
ported for the 6th day of incubation, at which time the highest activity was reached ; 
longer incubation did not yield higher yields. This value was taken as the maximum 
and is expressed as 100 per cent (the actual activity was 4200 units per ml.). All 
other values are expressed as per cent of this. 


Beall and Grant (12) have reported that EF. coli produces glucuronidase 
more rapidly if menthol glucuronide is replaced by the borneol conjugate. 
With our modified medium, maximal activity was obtained with 0.3 per 
cent borneol glucuronide after from 3 to 5 days of incubation. The activity 
was approximately the same as that obtained with 0.6 per cent ammonium 
menthol glucuronidate in from 5 to 7 days. 

Also in agreement with Beall and Grant, we found that the enzyme is 
distributed between the centrifuged culture fluid and the cells. With either 
menthol or borneol glucuronide, most of the enzyme is found in the cells 
during the early stages of incubation, but, as the cultures age, increasing 
amounts of the enzyme are liberated into the culture fluid. 
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Conditions Influencing Activity of Bacterial 8-Glucuronidase—Attempts ty 
separate the enzyme from the cold (5°) culture filtrate by dialysis (10), 
fractional precipitation with ethanol (13), or salting out (14) invariably pr. 
sulted in a marked loss of activity. Only a small proportion of the activity 
was present in the protein fractions and, in most instances, none in the 
supernatant solutions or dialysate. However, if solutions of the former 
were combined with the latter, a marked increase of activity occurred which 
accounted for a considerable portion of the original activity. Furthermore, 
augmentation was observed to occur if any of the protein fractions was com. 
bined withany of the complementary fractions (13). 

In an attempt to determine the nature of this non-protein material, a 
number of cofactors for other enzymes were examined for their ability to 
augment the activity of this bacterial B-glucuronidase. These included the 
nucleic acids, other purine-containing compounds, B vitamins, and mineral 
ions. None was found to be effective; in fact, most of these compounds had 
an inhibitory effect. 

To ascertain whether the loss of activity incurred in the separation of the 
protein fraction was due to a greater lability of this fraction, a study was 
made of the effect of the buffer employed in the assay, since it had been 
observed that the activity of crude culture filtrates is influenced by moder. 
ately small concentrations of certain ions. During this study it was found 
that the addition of a 0.001 M solution of each of eighteen a-amino acids, 
adjusted to pH 6.5, to a solution of the protein fraction? of the culture fluid 
resulted in a 2-fold increase of activity, which in most instances accounted 
for from 90 to 95 per cent of the activity of the original preparation. A 
0.001 M solution of the B-amino acids, B-alanine, and B-aminohydrocinnamic 
acid was totally ineffective; at higher concentrations, a small increase in 
activity was observed. 

These findings suggested the possibility that the action of the a-amino 
acids is due to their chelating properties and that bacterial 6-glucuronidase 
itself might be acting as a chelating agent. Accordingly, the effect of the 
well known chelating agents, Versene and 8-hydroxyquinoline, on the re- 
activation of enzyme preparations was studied. From the data of Table], 
it can be seen that both substances are very effective in this regard and, on 
a molar basis, are more effective than the a-amino acids. However, at con- 
centrations of 5 mg. or more per ml. both inhibit enzyme activity. 

Since the loss of enzymic activity and its reversal seemed to be associated 
with chelation, a study of the effectiveness of various metal ions on inhibi- 
tion of the activity of whole culture filtrates or partially purified prepara- 
tions was made. For this purpose, sufficient solution was added to the as- 


2 This increase in activity was observed for the protein fraction obtained by 
precipitation with ethanol or ammonium sulfate or by dialysis. 
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say mixture to give a concentration of 1 X 10-* M of the salt at pH 6.5. The 
activities were compared with those of control solutions under the same 
conditions, but without added cations. With Cu*t*, Hg**, and Agt the 
inhibition was complete, while with Nit, Sn**, and Zn** only partial inhibi- 
tion occurred. Inhibitory effects were also observed with other cations only 
at higher concentrations, but in these instances it was not possible to make 


accurate measurements because of the formation of precipitates. It is of 
TABLE I 
Effect of Chelating Agents on Activity of Bacterial B-Glucuronidase 
Concentration of Versene | 8-Hydroxyquinoline 
chelating agent in assay 
mixture Activity, per cent of controls 
mg. per ml. A B A B 
0.0 100 100 100 100 
0.5 373 826 434 1063 
1.0 386 | 657 414 1158 
5.0 181 | 57 236 463 
10.0 65 | 0 180 236 
20.0 0 | 0 56 0 


A, solution of material precipitated by (NH,4)2SO,4 from previously centrifuged 
culture fluid. The activity of this solution without the addition of chelating agents 
(control activity) was 450 units per ml. and was taken as 100. B, solution of ma- 
terial precipitated from centrifuged culture fluid by 65 per cent ethanol. The ac- 
tivity of this solution in absence of chelating agents was 115 units per ml., and this 
activity was taken as 100. Solutions of Versene and 8-hydroxyquinoline at pH 6.8 
were prepared in such concentrations as to give from 0.5 to 20.0 mg. per ml. in the 
assay solution. 1 ml. portions of these solutions were added to 0.9 ml. of phosphate 
buffer (pH 6.8, m/45), and to this solution were added 0.1 ml. of the enzyme prepara- 
tion and 1.0 ml. of phenolphthalein glucuronide solution. The mixture was incu- 
bated for 1 hour at 37°, at which time 1 ml. was removed and added to 5 ml. of 0.4 


u glycine buffer (pH 10.4). 


interest that none of the polyvalent ions studied, Al**+*, Fet**, and Sn**, 
produced an inhibitory effect. 

The data of Table II show the minimal concentrations of Hgt*+, Cut, 
and Ag+ that caused inhibition and the effect of Versene and cysteine in 
restoring activity. Cut and Agt, in a concentration of from 1 X 10-° to 
1X 10-° m, produced approximately 50 per cent inhibition; a lower concen- 
tration (1 X 10-7 m) of Hg*++ was effective in this regard. Versene in the 
concentration used was not protective if the concentration was greater than 
1X 10-7 m for Hgt*, 1 X 10-4 m for and 1 X 10-§m for Agt. The 
greater effectiveness of cysteine in reversing the inhibition produced by Agt 
might be due to the reducing activity of the sulfhydryl group, as well as to 
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its chelating activity. Cysteine also readily reversed the action of Cy+ 
and Hgt. 

More direct evidence that bacterial 6-glucuronidase contains the sulf. 
hydryl group was obtained by using p-chloromercuribenzoate, which Hel. 
lerman e¢ al. (15) have shown is a highly specific sulfhydryl-binding agent, 
and the reversal of the action of this compound by cysteine, as shown by 
Harris and Hellerman (16), for the enzyme xanthine oxidase. Data from 


TABLE II 
Effect of Versene on Inhibition by Hg**+ and Cu**+ and Effect of Versene and Cysteine 
on Inhibition by Ag*t* 


Hgt* Cut** Agt 
Neith 
Activity, per cent of controlst 
M 
0.0 1040 100 1040 100 137f 144 100 
1 X 1077 1033 13 1033 100 137 144 92 
1 X 10-6 853 0 966 60 129 139 83 
1X 10-8 666 0 666 40 0 116 0 
1 x 10-4 0 0 520 13 0 a 
1X 10°3 0 0 0 0 0 


* All concentrations listed are for the assay mixtures. 

t Activity of the enzyme solution, without the addition of metal salts or either 
Versene or cysteine, taken as 100. 

tA different enzyme preparation was used for the study of the effect of Ag*. 
These studies were carried out on solutions of the product obtained from culture 
fluid, which had previously been centrifuged, by half saturation with (NH,)2S0,. 
The pH of the assay mixtures was maintained at 6.8 by the adjustment, of all solu- 
tions used, to that pH before mixing and the use of m/45 phosphate buffer at that pH. 


such studies are reported in Table II]. The inhibition produced by p-chlo- 
romercuribenzoate, which was 90 per cent complete at a concentration of 
1.7 X 10-‘ M, was satisfactorily reversed by cysteine. These results seem 
to be explained best on the basis of a competition between the —SH groups 
of the enzyme and cysteine for the mercuribenzoate. Evidence for this 
view is supplied by the data in Fig. 2 in which the reciprocal of the concen- 
tration of the protective agent is plotted against the reciprocal of the ac- 
tivity of a given concentration of the inhibiting agent and enzyme. Data 


plotted according to Lineweaver and Burk (17) have been used to illustrate 
competitive inhibition in the simplest case of competition between substrate 
and inhibitor for an active site on the enzyme molecule. 


In such a presen- 
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tation of data with varying substrate levels, the intercept on the ordinate is 
the same for the curve for the inhibited enzyme and for the non-inhibited 
enzyme. However, in the case presented here, the analysis of the data, in 


TaBLeE III 
Inhibition of 8B-Glucuronidase by p-Chloromercuribenzoate and Reversal of Inhibitory 
Effect by Cysteine 


Without cysteine Cysteine 4.2 K 10°? 
p-Chlor ib te 
Units per ml. 
M 
0.0 1920 2592 
9 xX 10°77 1380 2400 
9 X 10-6 624 2280 
1.7 X 107-5 528 2256 
9 xX 10-5 276 2220 
1.7 X 1074 180 2100 


The enzyme preparation was a solution of the material obtained from clarified cul- 
ture fluid by precipitation with ammonium sulfate at half saturation. An alkaline 
solution of the sodium salt of p-chloromercuribenzoate was prepared and the pH 
adjusted to 6.8. This compound was added in the concentrations listed to buffered 
(phosphate buffer m/45, pH 6.8) enzyme solutions and allowed to stand for 15 minutes 
before the addition of cysteine. 


03 wh 
s 
= O2T a 
OF 
02+ 0.0 M. P-CMB 
8 
300 600 900 1200 300 600 900 1200 
\/ (VERSENE) I/CCYSTEINE) 


Fig. 2. Effect of Versene and cysteine on the activity of solutions of 8-glucuroni- 
dase containing p-chloromercuribenzoate. The reciprocals of the molar concen- 
trations of Versene and cysteine were plotted against the reciprocals of the activities, 
which were expressed in percentage of the maximal activity in the presence of only 
the protective agent. The lowest line, in each case, shows the effect of the protec- 
tive agent on enzymic activity in the absence of p-chloromercuribenzoate (p-CMB). 
The enzyme preparation was a solution of the product obtained by precipitation 
with ammonium sulfate. 
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which 1/V is plotted versus 1/(cysteine), indicates a competition betwee, 
enzyme and cysteine for p-chloromercuribenzoate. The reagents which 
react with mercuribenzoate would be expected to reverse the inhibition, 
The mechanism for reversal of inhibition by cysteine and Versene appear 
to be different. This difference may perhaps be explained by the considers. 
tion that cysteine possesses a sulfhydryl group, whereas Versene does not. 

Since precipitation of the enzyme by various means usually yields prod. 
ucts of relatively low activity and since full activity is restored by the action 
of chelating agents or compounds containing sulfhydryl groups (cysteine, 
sodium thioglycolate, or sodium hydrogen sulfide), the incorporation of such 
a protective substance in the assay has been adopted. Versene has been 
used routinely for this purpose because of its greater stability, while cysteine 
is used in those instances in which Versene is ineffective. 

Purification of Bacterial B-Glucuronidase—Although the main purpose of 
this paper is to define more clearly the cultural conditions for the production 
of the enzyme and some of the properties of the enzyme, the inclusion of 
some notes on the purification may be helpful to those interested in using 
the enzyme. 

Culture fluids prepared as described above and harvested at or near the 
time of maximal enzyme production were chilled to 5° in the cold room to 
aid the crystallization of free menthol. All procedures used in the purifica- 
tion of the enzyme were carried out at this temperature. After centrifuga- 
tion (10,000 r.p.m. in a Servall S-1 angle head centrifuge) for 15 minutes to 
remove cellular material, the supernatant fluid was filtered to remove men- 
thol crystals. The sojution thus obtained usually contained from 65 to 80 
per cent of the activity of the whole culture. The remainder of the activity 
has been recovered from the cellular material by a procedure described ina 
subsequent paragraph. 

Fractionation with Ammonium Sulfate—The solution obtained by centri- 
fugation and filtration was treated with an equal volume of saturated 
ammonium sulfate and permitted to stand for several days or until the pre- 
cipitate settled. Most of the clear supernatant solution was removed by 
aspiration and the precipitate collected by centrifugation. This brownish 
material invariably contained approximately all of the activity of the cul- 
ture filtrate and had a potency of from 400 to 700 units per mg. of protein. 
Protein was determined by the micromethod of Lowry et al. (18) with 
Armour’s crystalline bovine albumin as a reference standard. 

This precipitate was dissolved in a volume of M/15 phosphate buffer at 
pH 8 equivalent to about one-twenty-fifth of the volume of the culture fluid, 
and the solution was clarified by centrifugation. The clear solution was 
then fractionally precipitated with ammonium sulfate at concentrations of 
from 30 to 55 per cent of saturation. Precipitation at pH 6, 7, and 8 re- 
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sulted in essentially the same distribution of activity and potency; at pH 5, 
however, there was a marked loss of activity, which was not restored by 
eysteine. Most of the activity was present in the fractions which precipi- 
tated from solution with from 32 to 45 per cent of saturation with ammo- 
nium sulfate; the activity of these fractions ranged from 1200 to 4000 units 
per mg. of protein. Refractionation of the active fractions with ammonium 
sulfate increased the potency only slightly. 

Adsorption on Calcium Phosphate Gel—Calcium phosphate gel containing 
40 mg. of calcium phosphate per ml. of gel was prepared by the method of 
Kunitz (19) and the pH adjusted to 6.5 with acetic acid. The most active 
precipitates obtained by salting out with ammonium sulfate were dissolved 
infrom 10 to 20 ml. of 0.003 m cysteine (adjusted to pH 7) to give a concen- 
tration of from 20 to 40 mg. of protein per ml. of solution. The addition of 
from 0.1 to 1.0 gm. of the gel adsorbed the enzyme completely. Elution, 
which was accomplished by the addition of 0.05 m phosphate buffer contain- 
ing cysteine (0.006 m) at pH 8, usually resulted in the recovery of more than 
80 per cent of the enzyme. In order to repeat the adsorption, it was first 
necessary to precipitate the enzyme with ammonium sulfate to separate it 
from the phosphate which interfered with the adsorption. Each treatment 
with calcium phosphate has substantially increased the potency, resulting 
in the production of preparations with an activity of 13,500 units per mg. 
of protein after five successive treatments. 

Liberation of Enzyme from Cells—The cells, obtained from each liter of 
the culture fluid, were suspended in 150 ml. of cold distilled water and al- 
lowed to stand for from 2 to 4 hours in the cold room. Each 100 ml. of 
suspension was then treated with 50 gm. of ammonium sulfate and after 
vigorous shaking and standing overnight was centrifuged. The superna- 
tant solution was discarded, and the insoluble material was leached three 
times with small volumes of M/15 phosphate buffer at pH 8, with centrifuga- 
tion after each leaching. The pooled supernatant solutions were treated 
with sufficient ammonium sulfate to give one-half saturation. The precipi- 
tated material thus obtained was light yellow, and several preparations had 
activities of between 1000 and 2000 units per mg. of protein. 


SUMMARY 


Increased production of bacterial 6-glucuronidase has been obtained by 
culturing Escherichia coli on a medium containing 5 per cent sodium glycero- 
phosphate, 3 per cent Difco Bacto-peptone, and 0.6 per cent ammonium 
menthol glucuronidate at pH 6.5 to 6.8. 

Loss of activity during purification was prevented by the addition of 
a-amino acids, chelating agents, or sulfhydryl-containing compounds. 

The enzyme is completely inhibited by Cu*+*, Hgt*, and Agt at concen- 
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trations of 1 X 10-*m, 1 10-7 M, and 1 X M, respectively. This 


effect is reversed by chelating agents and sulfhydryl-containing compounds, 
The complete inhibition by 1 X 10-4 m p-chloromercuribenzoate is readily 
reversed by cysteine and to a lesser extent by Versene. 


With the use of cysteine as a protective agent, it has been possible to } 


achieve a 180-fold purification of this enzyme by fractional precipitation 
with ammonium sulfate and by repeated adsorption on calcium phosphate 
gel. 


The authors wish to thank the Bersworth Chemical Company for the 
Versene, Armour and Company for the crystalline bovine albumin used in 
this work, and Miss Carolyn Hartnett for her technical assistance. 
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THE KINETICS OF GLYCINE INCORPORATION BY 
ESCHERICHIA COLI* 
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(Received for publication, May 12, 1955) 


During a study of protein turnover in growing bacteria (1), it became 
necessary to have detailed information on the kinetics of uptake of 2-C"- 
glycine by bacterial cultures. The kinetics of glycine uptake were followed 
by adding labeled glycine to the medium and determining at various times 
the decrease of radioactivity in the medium or the increase of radioactivity 
in the sedimented bacteria. 

In those cases in which no cell growth occurs, interpretation of the results 
is straightforward, but, when cell growth does occur, the metabolic activity 
of a single cell is obscured because the amounts of various enzymes in the 
culture are continuously increasing. This difficulty is overcome, if growth 
is exponential, by considering the uptake not as a function of time, but 
rather as a function of the bacterial titer. By so doing the results may be 
directly related to the metabolic activity of a unit amount of protoplasm. 

If we let S be the substrate concentration at any time, F(S) the rate of 
utilization of the substrate per bacterium at this concentration of substrate, 
and k the growth rate constant of the bacteria, then in a culture of bacterial 
titer, NV, the rate of utilization of the substrate will be given by —dS/dt = 
F(S)-N and the growth rate by dN/dt = k-N. If the first of the rate ex- 
pressions is divided by the second, Equation 1 results. 


—dS/dN = F(S)/k (1) 


Thus the slope of the plot of S versus N yields 1/k times the utilization or 
uptake rate. The quantity F(S)/k, the amount of substrate utilized during 
the synthesis of a new bacterium, is also of interest. Using this equation, 
we have studied the kinetics of uptake of glycine by growing cultures over 
an extended range of concentrations (10! to 105 umoles per liter) and have 
compared these results with those for cultures in other phases of the growth 
cycle and also with the observed distribution of isotope within the bacteria. 


* Work performed under the auspices of the United States Atomic Energy Com- 
mission. 
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Materials and Methods 


The bacterium Escherichia coli, strain B/1,5, and the synthetic medium 
M-9 glucose (2) were used in all experiments. The bacterial titer was estj- 
mated from the optical density at 320 mu of cell suspensions in this medium. 
Bacteria were suspended in medium containing the radioactive material, 
maintained at 37°, and aerated vigorously. The radioactive material was 
usually 2-C'-glycine having a specific activity of 1.6 mc. per mmole. Ip 
the kinetic experiments samples were withdrawn and isotope content de- 
termined on the supernatant solutions, but in other experiments the bac- 
teria were harvested, washed, and (either the whole bacteria or various 
bacterial fractions) counted as infinitely thin samples. The methods of 
fractionation of the bacteria were the same as those previously employed 
(3, 4). 

Supernatant solutions for isotope assay were prepared either by centrifug- 
ing the suspension in the high speed head of the International centrifuge at 
25,000 X g for 1 minute at room temperature or by centrifuging at lower 
speed and then filtering the solution through a millipore filter. Samples 
(0.1 ml.) were carefully pipetted onto aluminum disks, the edges of which 
had been coated with silicone grease. About 1 ml. of ethanol was added, 
and the samples were dried under an infra-red lamp and counted in a pro- 
portional flow counter. The results are expressed as micromoles of glycine 
by means of an appropriate conversion factor obtained by counting known 
radioglycine samples under these conditions. Variance analysis of our 
counting techniques indicated that a single measurement of the radioac- 
tivity (recording 10,000 to 30,000 counts) deviated from the true mean by 
2.2 per cent. The mean count of a number of replicate planchets deviated 
from the true mean by 1.5 per cent. Duplicates were usually taken for 
each point on Figs. 3 to 6, and therefore the error of each point lies between 
1.5 and 2.2 per cent. 


Results 


Dependence of Rate of Uptake of Glycine on Concentration—Cultures con- 
taining varying amounts of carrier glycine, but constant amounts of radio- 
glycine and a constant bacterial inoculum, were grown for 4 hours. During 
this period all cultures had increased 31-fold, thus indicating that the 
growth rate constant of 0.86 per hour was independent of glycine concen- 
tration. The logarithm of the fraction of radioactivity taken up by the 
bacteria (R) gave a linear plot against the logarithm of the initial glycine 
concentration (So) in micromoles per liter (Fig. 1). Indeed, the linear 
dependency holds very closely over more than three orders of magnitude. 
The equation of this line is log R = 1.324 — 0.79 log S,; the standard error 
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of the intercept is 0.1 per cent and the standard error of the slope is 1.8 per 
cent. 

The product of R and So is the amount of glycine taken up by the culture, 
4S (micromoles per liter). If this quantity is divided by the increment of 
bacterial titer, AN (bacteria per liter), one obtains AS/AN (micromoles per 
bacterium), which is equal to F(S)/k (Equation 1). The individual experi- 
mental determinations of F(S)/k are shown (as the points) in Fig. 2. 
Transformation of the empirical equation given above results in the line 
plotted in Fig. 2. 

The equation of this line is F(S)/k = 5.31 & 10- S,°! mole per bac- 
trium. Theright-handscale of Fig. 2 gives F(S) asa function of S. Thus 
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Fic. 1. Incorporation of glycine as a function of concentration 


F(S), the utilization of glycine per bacterium per hour, depends on the 
0.21 power of So, and, consequently, the incorporation of glycine by the bac- 
teria has a kinetic order of 0.21 in glycine concentration over the range 
tested. 

Distribution of Isotope within Bacteria—At the high concentrations of 
glycine several times more glycine is utilized during the growth of a bacter- 
ium than at the low concentrations. It was therefore of interest to deter- 
mine the distribution of the a-carbon of glycine in the various bacterial 
components at various concentrations of glycine. Table I presents the re- 
sults of partitioning bacteria that were grown in the presence of two dif- 
ferent concentrations of glycine. The data are expressed as the moles of 
glycine utilized during the synthesis of one new bacterium. At the high 


! Expressing the equation in this form and calculating the regression and errors is 
equivalent to carrying out the weighted least squares regression of (dS/dN) upon So. 
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concentration, the fraction of the total glycine taken up by the bacteria jg 
very small; therefore the amount of isotope found in the various fractions 
was divided by the number of cells formed. In the case of the low concep. 
tration the experiment was conducted under conditions (see below) such 
that the uptake per bacterium during the entire growth period was essen. 
tially constant. Consequently, here, too, the isotope found in the various 
fractions could be divided by the number of cells formed during the experi. 
ment. It is seen that, at both the low and high concentrations of glycine, 
the glycine a-carbon is utilized equally for the synthesis of nucleic acid con. 
stituents and proteins. 
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Fig. 2. Incorporation of glycine as a function of concentration 


A bacterium contains, under these growth conditions, about 0.22 x 10°" 
mole of adenine and about 0.32 K 10-'* mole of guanine. At the low con- 
centration somewhat more than this amount of the a-carbon of glycine is 
used for the synthesis of a purine ring. This is in good accord with the re- 
sults we have obtained from the degradation of a sample of bacterial guanine 
by the method of Heinrich and Wilson (6). If the radioactivity at the 5 
position of the purine ring is taken as 1 mole of a-carbon of glycine per mole 
of purine, 0.25 molecule of glycine is utilized for the synthesis of the 8 po- 
sition and the rest of the molecule is devoid of radioactivity (the 2 position 
contains at most 0.2 per cent of activity of the molecule). At the high 
concentration, the number of moles of glycine used for the synthesis of the 
purines is almost 3 times the number of moles of purine (Table I). Thisis 
confirmed by the finding that the specific activity of the guanine grown at 
this high concentration of glycine is 2.86 times that of the specific activity 
of the glycine in the growth medium. Since the CO, evolved by such cul- 
tures contains only very small amounts of C", it is readily apparent that, 
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under the conditions of high glycine concentrations, the 2 as well as the 8 
position must be derived directly from the a-carbon of glycine. 


TABLE [| 
Distribution of a-Carbon of Glycine within Growing Bacteria 
Bacteria were grown in a synthetic medium containing 2-C'4-glycine. The bac- 
teria were harvested, partitioned, and the content of isotope determined. The 
results are calculated by dividing the computed micromoles of a-carbon of glycine 
in the sample by the increase in bacteria during the experimental period. 


| Initial glycine concentration 


100 umoles per liter* 9000 umoles per liter 


10-16 mole glycine per bacterium 


* During the course of this experiment the glycine concentration in the growth 
medium dropped from 100 to 21 uwmoles per liter; from the results below, it may be 
concluded that the uptake of glycine per bacterium was constant during this period. 

t The values for serine and glycine were calculated from an auxiliary experiment 
in which the glycine was completely utilized before the experiment ceased (5). The 
values are adjusted so that the total protein isotope was that indicated. 

t The zero value for pyrimidines is obtained from an auxiliary experiment in 
which the bacteria were grown in the presence of the purine bases, adenine and 
guanine. Under these conditions the first fractions from Dowex 50 columns are 
devoid of the radioactivity which is otherwise present, owing to a small amount of 
deamination of purines during hydrolysis. 

§ The values are calculated from another auxiliary experiment in which the gly- 
cine of the medium was depleted. The values are adjusted so that the total activity 
agrees with that indicated. 


A similar change in the mode of utilization of glycine for protein con- 
stituents very likely occurs. From the amino acid composition of the total 
protein of F. colt (7) and our determination of protein nitrogen in these 
bacteria, we may compute the amounts of various amino acids in a bacter- 
ium. It was found that the amount of glycine per bacterium was almost 
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equal to the amount of glycine utilized at the low concentration for the syn. 
thesis of the bacterial protein glycine (Table 1). It therefore follows that, 
at this low concentration, exogenous glycine completely, or almost com. 
pletely, prevents the de novo synthesis of protein glycine. Consequently, 
at the higher concentration, at which twice as much glycine 1s utilized for 
the synthesis of bacterial protein, the extra glycine must be utilized for the 
synthesis of other amino acids, probably serine. Another point of interest 
is the finding that, at the low glycine concentration, the pyrimidine fraction 
is non-radioactive, but that it is radioactive at higher concentrations of 
glycine. 

Kinetics of Uptake of Glycine by Growing Cultures—To extend the obser. 
vations of glycine utilization to still lower concentrations, cultures growing 
in the presence of low concentrations of glycine were sampled at various 
times, and the isotope remaining in the supernatant solutions was deter- 
mined. The experimental results indicate that glycine is taken up at a rate 
that is independent of glycine concentration. If Equation 1 is integrated, 
with the condition that F(S) = V = constant, one obtains 


S = So - ; (N — No) (2) 


where the zero subscript refers to the initial conditions. Consequently a 
plot of the isotope remaining in the medium against the number of organ- 
isms (or increase in numbers) yields a straight line. Two such experiments 
are illustrated in Fig. 3. The initial slope of the upper line corresponds toa 
value of V/k of 1.57 & 10-'*® mole of glycine per bacterium, which is in agree- 
ment with 1.74 X 10-'* mole per bacterium, determined independently in 
Table I. The lower line is the plot of an experiment in which large amounts 
of adenine and guanine were added to the growth medium. Under these 
conditions the bacteria utilize, almost exclusively, the exogenous purines for 
the synthesis of the bacteria] nucleic acid purines. Consequently the slope 
(V/k) is reduced to 0.76 X 10-'* mole per bacterium, which is to be com- 
pared with the value of 0.84 & 10-'* mole per bacterium in Table I. 
Production of Non-Utilizable Derivative of Glycine—In both experiments 
of Fig. 3 the uptake of isotope abruptly ceased, leaving 10 to 20 per cent of 
the isotope in a non-sedimentable form.? It could easily be shown that 
this was not the result of the inability of the bacteria to remove glycine 
when present in less than some threshold concentration; bacteria growing 
in a medium containing glycine at the initial concentration of only 0.1 umole 
per liter rapidly utilize 80 per cent of the activity. Furthermore, the frac- 
tion of isotope left in the medium after extensive growth may be varied by 


2 Similar results are obtained with pL-3-C'-serine (Koch, A. L., and Lamont, W. 
A., unpublished experiment). 
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varying the conditions of growth. As seen below, if cells in the lag phase 
of growth are used, a larger percentage of the original activity remains 
in the medium. This would imply that the isotope remaining in the me- 
dium is a product of bacterial metabolism. If glycine-labeled bacteria 
are washed and grown in unlabeled medium and the ultrafiltrate of the 
medium analyzed, it is found that less than 1 per cent per hour of the radio- 
activity is liberated from the bacteria. It can, therefore, be concluded that 
this material is not liberated by the degradation of bacterial protoplasm. 
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Fic. 3. Utilization of exogenous glycine by growing cultures. Upper experiment, 


the initial titer was 1.6 X 10* bacteria per ml. The growth rate constant was 0.75 
per hour throughout the 2 hours and 50 minutes of the experiment. Lower experi- 
ment, the initial titer was 2.6 K 108 bacteria per ml. The growth rate constant was 
0.70 per hour during the 2 hours and 30 minutes the experiment was conducted. 
Adenine and guanine were present in the subinoculum and the growth flask in con- 
centrations of 2160 and 210 wmoles per liter, respectively. 


The possibility remains that this material is synthesized by metabolizing 
bacteria, but is not incorporated into the macromolecules of the bacteria. 
It then diffuses out into the medium and is not reutilized. 

The material remaining in the medium is non-volatile. It is probably 
not protein in nature, since it can diffuse across a dialysis membrane, and 
it is not precipitated in the presence of carrier albumin by trichloroacetic 
acid. 

The material is only very slowly utilized by growing bacteria. Fig. 4 
presents the results of an experiment in which one sample of bacteria was 
transferred to a medium containing 2-C"-glycine and another aliquot added 
toa medium which contained the residue of activity left by the growth of a 
previous culture, but which still contained glucose and was capable of sup- 
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porting cell multiplication. It can be seen that after only a small amount 
of growth had occurred the radioactivity remaining in the medium corre. 
sponded to 80 per cent of the original activity, and that this activity slowly 
decreased at a rate which was 0.5 per cent that of the control culture utiliz- 
ing free glycine. 

In this experiment, as well as one utilizing the residue of the experiment 
shown in Fig. 3, a portion of the non-utilizable material became available 
for rapid utilization by bacteria during the time that the ultrafiltrate from 
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Fic. 4. Non-utilization of material produced from glycine by E£. coli cultures. 
Experiment A, the initial titer was 1.7 X 10® bacteria per ml., the duration of the ex- 
periment was 5 hours, and the growth rate constant was 0.86 per hour. The last 
three points were taken during the stationary phase of growth (caused by depletion 
of carbon source) and lasted for 90 minutes. The medium initially contained 2-C"- 
glycine. Experiment B, the initial titer was 1.9 X 108 bacteria per ml. from the same 
culture from which the bacteria in Experiment A were obtained. The duration of 
the experiment was 3 hours and 15 minutes; the growth constant was 0.81 per hour. 
The medium was obtained by the ultrafiltration of the growth medium from Exper- 
iment A, Fig. 5 (marked with arrow), which was still capable of supporting the 
growth of bacteria. 


the original growth was stored prior to the reinoculation. In the latter 
case, 30 per cent of the activity was rapidly utilized. Upon partition of 
these bacteria it was found that the proportional distribution was similar 
to that for the incorporation of free glycine, as indicated in Table I. This 
suggests that the material contains a glycine-like component which is re- 
leased when the material breaks down. 

Kinetics of Utilization of Glycine by Cultures in Lag Phase of Seaticie 
noted above, the amount of non-utilizable material produced is larger if the 
inoculum is in the lag phase of growth. A number of similar kinetic experi- 
ments were conducted, with the sole modification that the inoculum was 
from a well washed, actively growing broth culture. From Fig. 5 it is seen 
that the amount of non-utilizable material that is produced is somewhat 
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greater the longer the lag phase. In additional experiments, up to 65 per 
cent of the original glycine was found in the supernatant solution when the 
conditions were such that the duration of the lag phase was further in- 
creased. It may also be noted that in some of the experiments a definite 
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Fic. 5. Glycine uptake and increase in titer by bacterial cultures initially in the 
lag phase of growth. In all experiments, cells growing actively in broth were 
washed and inoculated, at various concentrations, into synthetic medium contain- 
ing 2-C'4-glycine. The upper graph shows the amount of radioactivity remaining 
in the medium as a function of time; the lower graph, the growth of bacteria as de- 
termined turbidimetrically with a calibration curve standardized for bacteria grow- 
ing in synthetic medium. Thus actually the initial bacterial titers are 1.8 times too 
large. 


release of this material is apparent after the uptake of the free glycine had 
ceased. 

During the lag phase, glycine is incorporated by the bacteria at a con- 
stant rate (and without an induction period). Therefore, the metabolic 
activity of a unit volume of protoplasm may be computed by dividing the 
decrease in glycine concentration in the medium per unit time by the bac- 
terial numbers, as measured turbidimetrically. It should be noted that our 
calibration scale for turbidimetry was made with cells grown in the syn- 
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thetic medium, which have dimensions different from those of the broth- 
grown cells. The broth-grown cells are considerably longer and wider than 
the cells grown in synthetic medium. Consequently, fewer cells (56 per 
cent as many) are required to produce the same turbidity. However, equal 
turbidities correspond to equal amounts of protoplasm. As the protoplasm 
starts to increase, there is an increase in the rate of glycine uptake. During 


TABLE II 
Rate of Uptake of 2-C'*-Glycine by Cultures of E. coli in Various Phases of 
Growth* 
Phase | Rate of bacte- 
Lag phaset | 0.79 
0.73 
0.64 
Early growth§ | 0.92 
| 1.02 
0.86 
1.10 
Exponential growth 
.14 


* The initial concentration of glycine was 100 uwmoles per liter in all experiments 
except those for exponential growth, in which the concentrations were 128 and 46 
umoles per liter, respectively. 

t The unit amount of bacterial protoplasm is that associated with one actively 
growing cell in the synthetic glucose medium. To convert the lag phase data to the 
basis of bacterial numbers, the results should be multiplied by 1.8. 

t The rate of uptake, V, is measured as the slope of the graph of concentration 
of glycine in the medium versus time divided by the apparent bacterial titer. 

§ The values of V/k and k are changing during this phase. The product of the 
graphical average of these two quantities is tabulated. 


this phase the amount of protoplasm is not increasing at an exponential 
rate; the plot of the logarithm of the titer against time is concave upward. 
However, since the change in bacterial titer during this phase is small, we 
have computed the rate of uptake of glycine per bacterium per hour in 
exactly the same fashion as for cells growing exponentially. Thus, V/k, the 
slope of the plot of isotope content of the supernatant solution against ap- 
parent bacterial numbers, was multiplied by the average growth constant, 
k, to yield V for the period of early growth. These results are reported in 
Table II for the experiments shown in Figs. 3, 4, and 5. 

In interpreting these results, it must be remembered that they are pre- 
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sented in terms of the approximate amount of protoplasm in a bacterium 
growing actively on synthetic medium. Per unit of protoplasm, there is a 
continuous increase in V/k as the bacteria come out of the lag phase and 
enter the exponential phase. However, per bacterium, the utilization tends 
to decrease slightly. 


TaB_e III 
Distribution of 2-C'4-Giycine in Lag and Exponential Phase Bacteria 
Lag growth phase* — 


10~'* mole glycine per unit bacterial 
protoplasm per hr. 


5% trichloroacetic 0.07 | 0.06 


Deoxyribonucleic 0.11 | 0.13 


* Actively growing cells in broth were harvested, washed, and suspended in glu- 
cose M-9 medium containing 100 wmoles of glycine per liter; initial titer 5.1 « 108 
per ml. The cells were harvested at the end of 35 minutes. The titer was then 
5.2 X 108 per ml., and 23 per cent of the glycine was incorporated by the bacteria. 
The tabulated results were calculated by dividing the micromoles of glycine (as 
determined by the radioactivity assay) by the number of bacteria analyzed and by 
the duration of the experiment. 

t To actively growing cells in glucose M-9 medium was added 2-C''-glyecine to 
make 100 wmoles per liter. In the ensuing 100 minutes the titer rose from 2.1 to 7.1 
X 108 per ml. 81 per cent of the radioactivity was incorporated by the bacteria. 
The tabulated results were computed by dividing the micromoles of glycine by the 
increment of bacterial numbers and then multiplying by the growth rate constant 
(0.68 per hour). 

t See foot-note t of Table II. 


The distribution of isotope within the bacteria is similar for both the cells 
in the lag phase and those in the exponential phase (Table IIT). Here too, 
if correction is made for the increased size of the broth-grown cells, it is 
apparent that the incorporation into the ribonucleic acid and protein frac- 
tions on the basis of actual bacterial numbers is almost the same for the two 
types of cells. However, in contrast to the exponentially growing cells 
which do not incorporate glycine into the pyrimidines, in the case of the 
lag phase cells as much as 37 per cent of the activity of the nucleic acid 
fraction is found in the pyrimidines. 

Incorporation of Glycine by Resting Cells—Cells growing actively in glu- 
cose medium were harvested and washed thoroughly. They were trans- 
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ferred to M-9 medium devoid of a carbon source and aerated for 15 minutes; 


2-C'*-glycine was then added and utilization of the glycine measured. The 
results are reported in Fig. 6. In this case it was necessary to measure 
simultaneously the oxidation of glycine to CO, and the incorporation of 


glycine into the bacteria. This was accomplished by counting both an 
aliquot of the medium containing bacterial cells and a sample of the medium 
after the cells had been removed by centrifugation. Changes in the sam. 
ples containing bacteria reflected oxidation of the glycine to volatile com. 
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Fig. 6. The utilization of 2-C'4-glycine by resting bacterial cultures. The upper 
line is proportional to the total radioactivity per unit volume of cultures, the lower 
line to that of the medium derived from the culture by centrifugation; the difference 
between the two graphs represents the uptake by the resting culture. 


pounds (e.g., CO2), and the difference between this curve and that after cen- 
trifugation represents uptake. It is seen that, during the first 1.5 hours 
glycine was taken up, but that this reaction then ceased. During the 
whole of the experimental period, radioactive CO. was evolved at a slow 
but significant rate. 

The initial rate for the uptake is of the same order as the rate for grown 
bacteria (7.e., 1.1 X 10-'® mole per bacterium per hour). 


DISCUSSION 


£. coli can utilize glycine for the manufacture of a variety of cell con- 
stituents. The extent to which glycine carbon is used for the synthesis of 
these substances depends on the concentration in the medium and the physi- 
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ological state of the bacteria. As the external concentration is increased, 
the a-carbon of glycine is increasingly used as the source of the “1 carbon” 
intermediates. At the lowest concentrations tested, radioactivity enters 
into the 8 position of the purines to a limited extent, and then, at the higher 
concentrations, into the 8 and the 2 positions of the purines, the pyrimi- 
dines, and into amino acids other than glycine. This change in the mode 
of utilization of glycine as its concentration is increased is not, however, a 
sudden process, but proceeds smoothly. In fact, the rate of utilization 
depends, over 3 orders of magnitude, on the fifth root of the glycine concen- 
tration. This is not at all the dependency that would be expected if the 
bacteria contained a number of glycine-utilizing enzymes, each with its own 
characteristic Michaelis-Menten constant. If such were the case, the 
curves in either Fig. 1 or Fig. 2 would contain abrupt changes in slope at the 
glycine concentrations corresponding to the various Michaelis-Menten con- 
stants. The fact that the rate of utilization of glycine per bacterium was 
found empirically to depend on the 0.21 power of the substrate concentra- 
tion may then be interpreted in one of two ways. Either the kinetic order 
of 0.21 represents the dependence of the process whereby glycine passes 
through the cell membrane and may eventually be explained in terms of the 
details of the mechanism of transport across this membrane, or, alterna- 
tively, the gradual increase in rate of utilization as the glycine concentra- 
tion is increased may result from a large number of enzymic processes within 
the cell, each with its own affinity constant for glycine. We tentatively 
favor the former interpretation, because it is difficult to see how the bacteria 
could contain a number of independent processes that would simulate the 
kinetic order of 0.21 over 3 orders of magnitude. 

It is of interest that some processes are completely saturated before others 
begin to be used. Thus, at an external concentration of 100 umoles per 
liter, glycine is the sole precursor of the 5 position of the purines, whereas 
the 2 position is, at most, derived 0.2 per cent from glycine. At 10,000 
ymoles per liter, three carbons, 2, 5, and 8, are derived from the glycine 
without appreciable dilution. 

The utilization of glycine, at both the high and low concentrations, by 
bacteria previously grown in a medium devoid of glycine, is immediate; no 
lag or adaptation period is required. Thus the results obtained are not 
caused by modification of the bacterial enzymes as the result of the intro- 
duction of the glycine. 

We have investigated the kinetics of the utilization of glycine by bacteria 
in various physiological states when the glycine was initially present in the 
growth medium at a level of around 100 umoles per liter. Growing bacteria 
remove glycine at a constant rate per bacterium, at least until the glycine 
concentration is reduced to about 20 umoles per liter and probably even to 
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much smaller concentrations. It was seen that bacteria in the lag phase of 
growth take up glycine from the medium 60 per cent as fast as exponentially 
growing bacteria do when the results of the two types of experiments are 
expressed, as in Table II, in moles of glycine taken up per hour per unit of 
protoplasm. At first glance this might appear contradictory. For if the 
bacteria utilize the carbon source, glucose, for the synthesis of protoplasm 
in proportion to the rate at which they utilize glycine, there should be a 
marked increase in the turbidity of these cultures during the lag phase. 
Since this does not occur, it must be concluded that, compared to growing 
cells, cells in the lag phase utilize glycine much more extensively than they 
do glucose. This is not too surprising in view of the fact that these cells 
are being adapted to the use of glucose as the major carbon source; this is 
supported by the finding that lag phase cells incorporate glycine into the 
pyrimidines. 

The fact that the lag phase cells produce more of the material that ac- 
cumulates in the medium than do actively growing cells is in accord with 
the supposition that the lag phase cells are taking up glycine at approxi- 
mately the same rate as are the growing cells, per unit amount of proto- 
plasm, but are utilizing this glycine in a different fashion. However, in 
spite of this difference, the distribution of activity into the various fractions 
of the lag phase cells is similar to that of the exponential cells (Table ITT), 
although it is very probable that the specific activity of the newly formed 
nucleic acid and protein is much higher in the former case than in the latter, 
and would, if this new material could be isolated, resemble that of the ex- 
ponential cells grown in the presence of a high glycine concentration. 

The lag phase cells studied here show a different metabolic behavior than 
do those studied by Morse and Carter (8). They found that a majority of 
the isotope entered the ribonucleic acid fraction of the bacteria. However, 
the experiments of these workers are not comparable to those presented 
here. Although the use of a different isotope (P*? , in their case) may ac- 
count for some of the differences, it is more probable that they stem from 
the fact that these workers used bacteria from the stationary phase of 
growth, whereas we have used actively growing broth cultures. The proc- 
esses involved in the lag phenomenon must be quite different in the two 
cases. 


I gratefully acknowledge the collaboration and fruitful discussions with 
Dr. Robert W. Swick. 


SUMMARY 


The kinetics of the metabolism of 2-C'*-glycine by cultures of Escherichia 
coli strain B/1,5 have been studied. The following conclusions have been 
drawn. 
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1. The rate of uptake of glycine by growing cultures in M-9 glucose 
medium increases slowly as the glycine concentration is increased from 10? 
to 10° umoles per liter. 

2. In the range 10! to 10? umoles per liter, glycine is metabolized at a rate 
that is essentially independent of concentration. 

3. Glycine is rapidly utilized, even when present at a concentration of 
0.1 per liter. 

4. With increasing concentration in the medium (and increasing utiliza- 
tion by the bacteria), glycine is used progressively for the synthesis of the 
5, 8, and 2 positions of the purines. 

5. Broth-grown cells in the lag phase of growth incorporate glycine, per 
unit amount of protoplasm, at a somewhat smaller rate than do the celis 
grown in synthetic medium. In this case considerable amounts of the gly- 
cine appear as a material that accumulates in the medium. 
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Since the work of Borsook and Keighley (1) and Schoenheimer and his 
collaborators (2), the concept of the “dynamic state of body constituents”’ 
has become a fundamental consideration of the biochemistry of the adult 
metazoan. In a young, growing animal, although the rate of synthesis of 
cellular constituents is greater than the rate of breakdown, it would be ex- 
pected that degradation still occurs. In very rapidly growing carcinoma 
transplants, degradation is apparently much smaller than in normal tis- 
sues (3). This raises the question of whether protein degradation is de- 
tectable in other rapidly growing systems. 

In the work reported here we have attempted to measure the rate of 
intracellular protein degradation in growing cultures of Escherichia coli by 
refining the technique previously described (4, 5). We find that the rate 
of protein degradation is very small. This is in agreement with the recent 
results of Rotman and Spiegelman (6) and Hogness, Cohn, and Monod 
(7), and reduces further the possible limit of the rate of protein degrada- 
tion to such a point that it becomes much less than that of some normal 
mammalian tissues.! 


Method 


The experimental procedure utilized here for the measurement of intra- 
cellular protein breakdown is based on the fact that /. coli can incorporate 
exogenous purine, with the inhibition of de novo synthesis of purine, and 
that subsequent removal of the exogenous purine does not impair their 
ability to multiply (4). Thus by adding or removing purines from the 
growth medium, the de novo path of purine synthesis may be inhibited or 
the inhibition removed. The experiments were done in two stages: First, 
bacteria were grown in the presence of purines and in the presence of 
some labeled precursor of both bacterial purines and proteins. We used 
HC“OOH, uniformly C-labeled carbohydrate, and 2-C"-glycine. Second, 


*Work performed under the auspices of the United States Atomic Energy Com- 
mission. 
1A preliminary report of this work has appeared (8). 
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the bacteria were washed thoroughly and grown further in medium deyoid 
of isotope and containing no purines. Aliquots of bacteria were analyzed 
at the termination of each of the two stages. The additional isotope 
appearing in the purine fraction of the bacteria during the second stage 
was then attributed to protein breakdown and the subsequent reutilization 
of the intracellular intermediates for purine synthesis, as indicated in the 
scheme. 


Stage I Stage II 
Labeled precursors — labeled protein Precursors — labeled protein 
IN 
Purine — nucleic acid purine Nucleic acid purine 


The increase of labeling found in the purines at the end of Stage II is 4 
measure of the rate constant for protein degradation, together with the 
probability that the fragments produced will be utilized for purine syn- 
thesis instead of being reutilized for protein synthesis or other processes. 

If k is the rate constant for protein degradation, P, the total activity in 
the protein fraction of the bacteria, N, the increment of activity in the 
nucleic acid purines, g, the probability that the fragments derived from 
the protein are utilized for purine synthesis, and ¢, the duration of Stage 
II, then it.is apparent that in a growing culture k = N/P-q-t. If tisin 
hours, then & will have the units of (hours)-'. The corresponding half 
life will be 7; = (0.693/24) (P-q-t/N) = 2.87 X 10°? P-q-t/N days. 

The probability, g, that the fragments produced by protein degradation 
will be used for purine synthesis will, of course, vary with the nature of 
the tracer used. If it is assumed that the product of protein degradation 
has the same metabolic properties as the tracer compound originally 
supplied, then qg will be the ratio of the radioactivity incorporated into 
the purines to the total incorporation into bacteria growing in the presence 
of the labeled precursor and in the absence of exogenous purine. 

At the outset it is well to consider other factors that will affect the esti- 
mate of the extent of protein degradation. The following factors might 
lead to a high estimate of the rate constant. (1) Isotope present in the 
acid-soluble pool at the end of Stage I would enter the purines of the bac- 
teria during Stage II. (2) Any of the original isotopic compound remain- 
ing after Stage I bacteria are washed would enter the purines of the bac- 
teria during Stage II. (3) Isotope present in non-protein fractions of 
the bacteria might be broken down and reutilized for purine synthesis 
during Stage II. (4) Death of some fraction of the cells in the population 
would lead to lysis and reutilization of cell fragments for purine synthesis. 
(5) If the bacteria contain different proteins that are degraded at different 
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rates, then these short term experiments will measure only the more rapid 
components and give a value that is higher than the average rate constant. 

The following factors might lead to a low estimate of the rate constant. 
(1) Diffusion into the medium of the fragments of protein breakdown might 
preclude the reutilization for purine synthesis. (2) Further metabolism 
of the fragments might prevent their utilization for purine synthesis. 
(3) The precursor compound might be utilized for the synthesis of protein 
moieties that are not potential purine precursors (see below). 

In the experiments presented here we have attempted to eliminate these 
sources of error. 


EXPERIMENTAL 


In general, the procedures and growth conditions used were those pre- 
viously described (4). #. coli strain B/1,5 and the synthetic glucose 
medium,? M-9 (9), were used in all experiments. The purines were iso- 
lated from the hot trichloroacetic acid extract by hydrolysis in 1 n HCl, 
followed by chromatography on Dowex 50 columns and elution with 2 
xy HCl. Radioactivity of infinitely thin samples was measured in the 
proportional gas flow counter. 

Formate—Bacteria were grown, from a small inoculum, in the presence 
of 240 umoles per liter of C'-formate and 145 umoles per liter of adenine. 
The cells were harvested, washed three times with 0.85 per cent saline, 
and allowed to grow 10-fold in a fresh synthetic medium devoid of both 
adenine and formate. Stage I and Stage IT samples were partitioned and 
chromatographed on Dowex 50 columns. The purines were then chroma- 
tographed on Whatman No. 3 filter paper, with aqueous isopropanol-HC] 
solvent (10). 

Uniformly C'-Labeled Carbohydrate—Bacteria were grown in a medium 
containing 0.05 per cent labeled invert sugar*® and 145 umoles of adenine 
per liter. ‘The cells were harvested, washed once with 0.85 per cent saline 
containing adenine, and then washed twice with saline alone. An aliquot 
was grown at 37°, with aeration, in medium containing 0.05 per cent un- 


?The growth constant of this strain (when grown on M-9 glucose medium at 37°, 
with vigorous aeration) is 0.65 per hour. This corresponds to a doubling time of 56 
minutes. This rate is observed even if the glucose concentration -is reduced well be- 
low the usual concentration. At 0.01 per cent glucose the final yield is 5.5 & 105 
bacteria per ml. When the carbon source has been exhausted, growth ceases very 
abruptly; z.e., for only 10 minutes is the rate of growth intermediate between 0.65 
per hour and 0. 

We wish to thank Dr. N. J. Scully for his gift of uniformly labeled sucrose. This 
was converted to invert sugar by hydrolysis in 0.01 n HCl for 1 hour at 100°. This 
strain grows equally well on glucose and on fructose, but not on sucrose. It does 
not become adapted to sucrose. 
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labeled invert sugar without adenine. After Stage I and Stage II samples 
were partitioned and the purine fractions chromatographed on Dowex 
columns, the purines were then further purified by successive chromatog. 
raphy on Whatman No. 1 filter paper, with isopropanol-HCl solvent 
(10), on filter paper with n-butanol in NH; atmosphere, and then again op 
Dowex 50 columns. The total radioactivity in the purine fractions wags 
corrected for loss on the paper chromatograms by multiplying the fina] 
specific activity by the initial amount of purine obtained from the Dowex 
50 columns. Nitrogen analyses of the protein fractions were performed 
with a modification of the Koch-McMeekin method? (11). 
Glycine—These experiments were conducted in the same way as those 
with formate and with carbohydrate, except that it was found that the 
purine samples isolated from Dowex 50 columns were radiochemically 
pure, thus making further purification unnecessary. The concentrations 


TABLE I 
Turnover of Formate-Labeled Cells 


| Total radioactivity 


Stage I | Stage 
— 
c.p.m | C.p.m. 


Hot trichloroacetic acid-insoluble fraction......... 900 , 000 | 900 , 000 


* There was an increase of approximately 10-fold in bacterial substance during the 
4.5 hours of Stage II. 


of isotopic compound and purine are given in Table III. The washing 
procedures used are described in the text. 


Results 


Formate—Formate in the bird (12-15) and in the rat (16) is known to 
be a precursor of the 2 and 8 positions of the purine nucleus. It is alsoa 
precursor of the 8-carbon and, to a lesser extent, the a-carbon of serine 
(17) in the rat. Therefore, it seemed reasonable that formate would be a 
suitable compound for these studies. 

The control growth experiments with HC“OOH and no exogenous 
purine showed that the formate carbon is utilized equally for the synthesis 
of the protein and purine fractions. This would indicate that the prob- 
ability of utilizing the products of protein degradation for purine synthesis 
is 0.5. On this basis, this compound was used in the experiment de- 
scribed in Table I. Substituting these data into the equation, one obtains 


4 We wish to thank Dr. John F. Thomson for the nitrogen analyses. 
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916/(9 X 10° X 4.5 X 0.5) = 1.4 X 10-4 per hour for the rate constant for 
the degradation of protein. 

Further experiments indicated that this calculation was not justified. 
The calculation would hold if the majority of the label was present in the 
s-carbon of serine in the protein. However, formate is not a precursor of 
this carbon in £. coli, as we have found in confirmation of the recent re- 
sults of Delluva with £. colz® (18). The majority of the isotope found in 
the protein in these experiments enters via CO2 production and subsequent 
fxation into the amino acids related to the Krebs cycle (19). We there- 
fore feel that the apparent small rate of protein breakdown reflects the 
absence of pathways leading from certain amino acids to purines and leaves 
unanswered the question of protein breakdown per se. 

We have included this experiment because it stresses the importance of 
a detailed knowledge of the metabolism of the tracer used in this kind of 
experimentation and indicates the necessity for an analysis of the distribu- 
tion of isotope within the amino acids. 

Uniformly C'4-Labeled Carbohydrate—The experiments with labeled 
formate failed to achieve our desired goal, because potential precursors of 
purines were not labeled in the protein of the bacteria. We therefore 
tumed to experiments in which the sole source of carbon for bacterial 
growth (exclusive of exogenous purines) was uniformly labeled carbohy- 
drate. With such a labeled carbon source every position in every amino 
acid would be equally labeled, and consequently all potential precursors 
of the purine would be labeled. The results are presented in Table IT. 

From the change in the total activity of the purine fraction during Stage 
I] growth (398 c.p.m. in 3.25 hours), we may calculate that the average 
rate at which bacterial carbon is converted to purine carbon is 398 ¢.p.m./ 
(1,420,000 c.p.m. X 3.25 hours) = 8.6 X 10°° per hour. Therefore we 
may conclude that there is no precursor of bacterial purine that is rapidly 
turning over. 

In order to estimate protein degradation, we may not assume that all 
labeled molecules in the protein are potential purine precursors, because 
we have no estimate of the extent to which protein would yield 1 carbon 
fragments used for the 2 and 8 positions or COs used for the 6 position. 
We may assume, however, that the glycine and serine of the protein are 


‘In view of this fact, it appeared worth while to analyze the distribution of label 
inthe purines isolated from the control experiment. Using the procedure of Hein- 
rich and Wilson (16), we obtained the following results: C-2, 3.5 per cent; C-4, 1.0 
per cent; C-5, 0.2 per cent; C-6, 15.6 per cent (by difference); C-8, 79.7 per cent. 
The same distribution was obtained if, instead of inoculating into the medium con- 
taining the tracer and allowing the bacteria to grow overnight, formate was added 
toa growing culture and the cultures harvested 30 minutes later. The identity of 
the distribution in the two cases excluded the utilization of formate for the C-2 posi- 
tion and its secondary dilution by equilibration with unlabeled 1 carbon pools. 
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effective precursors of the bacterial purine. Glycine and serine together 
constitute about 10 per cent of the carbon of protein (20). In the absence 
of exogenous purines, glycine and serine are utilized equally for the syn. 
thesis of protein and purine carbon (21). Therefore q is 0.5 X QJ 
= 5 X 10°*. We obtain for the degradation rate constant of protein the 
value 398 c.p.m./((5 & 10-*) (6.25 & 105 ¢.p.m.) (3.25 hours)) or 4 X 10 
per hour. 

Glycine—The experiment with uniformly labeled carbohydrate indj- 
cated that there is no extensive breakdown of any cellular constituent to 
yield precursors of the purine ring. However, in a calculation of the pro- 
tein degradation rate we had to assume that only glycine and serine were 


TaBLeE II 
Turnover of Cells Labeled Uniformly with Radioactive Invert Sugar 
Total radioactivity 

Stage I Stage II* 

c.p.m. p.m. 


* There was an increase of approximately 7-fold in bacterial substance during 
the 3.25 hours of Stage IT. 

t Protein C'* determined from nitrogen content of the hot trichloroacetic acid- 
insoluble fraction, the nitrogen and carbon contents of average protein, and the spe- 
cific activity of the carbohydrate. 


effective precursors of the purine ring, and consequently the estimate was 
a maximal one. However, if polysaccharides are slowly metabolized to 
yield a 1 carbon fragment that may be incorporated into the purines, our 
estimate of protein turnover by this method will be high. 

In order to eliminate this possibility, we have carried out experiments 
with 2-C™-glycine. This isotopic compound, when present in the growth 
medium in small amounts and in the absence of purines (21), is utilized 
by the bacteria for the synthesis of the 5 position of the purine ring.  Gly- 
cine is also incorporated into the protein fraction, the bulk of the activity 
being associated with protein glycine (82 per cent) and a much smaller 
fraction with the serine (13 per cent) (19, 21). Thus, this isotopic com- 
pound labels the protein fraction of the bacteria in such a manner that we 
may assume that, if the protein molecule is degraded to the level of the 
free amino acids, the isotope has a probability, g, of about 0.5 of being 
incorporated into the purines. On the other hand, no other fraction of 
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the bacteria is extensively labeled, and hence there can be no contribution 
to the isotopic content of purines resulting from metabolism of any other 
cell component. 

It was discovered that inhibition of de novo purine synthesis imposed by 
exogenous purines was not as complete with glycine as the tracer as it 
had been with formate. The dependence of the inhibition of de novo 
purine synthesis on external purine concentration as well as glycine con- 
centration is indicated by the data of Table III. Since the isotope content 
in guanine was high, we have used only the increment of activity in adenine 
for the calculation of protein degradation rate. In this case gq = 0.5 X 


TABLE III 
Utilization of Glycine for Purine Synthesis 


Constituents of medium of 
Experiment 
2-C4-Glycine Adenine Guanine Adenine Guanine 
umoles per l. pmoles per l. pmoles per I. per cent per cent 
17 0 0 20* 30* 
11,800 0 0 
A 102 149 0 0.4 2.6 
B 25.5 149 0 0.28 2.6 
C 51 2160 210 0.11 1.28 
D 409 2160 210 0.37 2.1 


*The total amount of purine was not measured, but was estimated from the 
turbidity of the bacterial suspension and the known composition of the bacteria. 
Therefore, the results are only approximate. 

t It should be noted that in this case not all of the activity of the purine molecule 
resides in position 5 of the purine nucleus. The radioactivity is uniformly divided 
among the 2, 5, and 8 positions. 


04 = 0.2 (0.4 being the fraction of the total purine activity in adenine) 
(4, 18). 

The apparent half lives determined by the several experiments are 
listed in Table IV. The apparent high degradation rate obtained in 
Experiment A, if not due to protein turnover, must be due to the presence 
of traces of glycine not removed by the washing procedure after Stage I, 
or to the presence of metabolically active components of the acid-soluble 
pool of the bacteria, or to death and lysis of some cells in the population 
which supplied labeled protein fragments to other cells of the culture. In 
Experiments B, C, and D we have tried to eliminate these possibilities 
oe by one. In Experiment B the washing procedure was modified to 
include large amounts of non-isotopic glycine in the first wash fluid. In 
Experiment C Stage II growth was allowed to proceed for 1.5 hours; an 
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aliquot was then taken, a second at 2.25 hours, and the apparent turnove, 
computed from the increment of activity during this interval. There js, 
significant increase in the apparent half life of protein during the second 
interval compared with the first interval, presumably because metab. 


TABLE IV 
Protein Turnover Measured with 2-C'4-Glycine 
Experiment nun rate constant for protein degradation perhr* 
A | 0.01 
B | 0.005 
C | 0.007 + 
| 0.003t 
D | <0.001§ 


* For calculation see the text. 

t Apparent rate constant for the first 1.5 hours. 

t Apparent rate constant for the succeeding 0.75 hour. 
§ Minimal estimate of rate constant from Fig. 1. 
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Fig. 1. The absence of protein turnover in growing bacteria. Glycine-labeled 
Stage I bacteria, at approximately hourly intervals, were sedimented and replaced 
in fresh medium during Stage II. 


ically active components of the acid-soluble pool have become less radio- 
active prior to the beginning of the second interval. 

In Experiment D Stage II was subdivided further; at approximately 
hourly intervals the whole culture was harvested, one-half taken for anal- 
ysis, and the other half resuspended in fresh medium. In this way, it was 
hoped that all three possibilities, adsorption, acid-soluble contributions, 
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and intercellular transfer of isotope, would be eliminated. The results of 
this experiment are shown in Fig. 1. 

It can be seen that the first branch of the curve, corresponding to rapid 
turnover, is complete at the end of 2 hours. This is very likely due to 
the presence of a metabolically active component, which we can calculate 
as comprising 2 per cent of the total protein content of the cell. From the 
lack of increase of activity after the 2nd hour, it appears that protein deg- 
radation is very small indeed. From an estimate of the error of our anal- 
ysis, we feel confident that if it were 10-* per hour we would have noted a 
significant increase during this period. 


DISCUSSION 


In conducting these experiments we have tried to avoid as far as possible 
the various factors described under ‘‘Method” that could cause errors in 
our estimate of intracellular protein degradation. We believe our esti- 
mates (except in the case of the formate experiment) are not low as a 
result of the three factors mentioned above. In growing cultures ((20) 
and Koch, unpublished experiments) isotope from glycine-labeled protein 
of the bacteria is not liberated into the medium at an appreciable rate. 
Furthermore, bacteria labeled with glycine or a mixture of totally labeled 
amino acids do not produce a significant amount (less than 0.05 per cent 
pr hour) of radioactive CO. when grown in non-labeled medium. This 
CO, may easily be attributed to autolysis of some cells in the population. 
Further, as has been shown (4, 18), purines and glycine are removed by 
bacteria from the medium even when present in extremely small amounts. 

All the factors (except one) that tend to make the estimate high have 
been avoided in glycine Experiment D by repeatedly changing the growth 
medium. ‘The remaining factor, namely that these short term experiments 
measure only the most rapid protein degradation processes, cannot be 
ediminated in bacterial experiments without greatly slowing the growth 
rate. One may, therefore, accept the value of 10-* per hour as the upper 
limit for the rate constant for the intracellular degradation of protein in 
this bacterium under these conditions of growth. The value of 10-* per 
hour corresponds to a half life of 30 days. If this were, indeed, the half 
life of all proteins of the cell, one should find, if all protein degradation 
fragments were removed as formed, that after 30 days growth, although 
the cell mass would have increased 10'4-fold, the specific activity of the 
protein would have decreased by only 2 K 104. 

In comparison, for instance, with the liver cell protein of the adult rat 
which has a half life of 4 days, the protein of growing EF. coli is synthesized 
ata much greater rate and is degraded at a smaller rate. The time it 
would take to double the amount of liver proteins in the absence of pro- 
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tein degradation (4 days) is much longer than the doubling time of the 
bacteria (56 minutes), and the half life of 4 days for liver cell protein deg. 
radation indicates a considerably more rapid process than the estimated 
30 day minimum half life for protein degradation in the bacteria. 

The results presented here confirm and extend the conclusions from 
Spiegelman’s and Monod’s laboratories (6, 7) and give force to the argu. 
ments presented therein that synthesis and degradation may be completely 
independent processes, and that the rapid turnover of certain mammalian 
tissues may be the exceptional finding. 

The technique used here has the advantage of higher sensitivity, com. 
pared with the technique utilizing the phenomenon of adaptive enzyme for. 
mation employed by these workers, and it provides an independent demon. 
stration of the stability of bacterial proteins. 

There is, in the experiments with 2-C'-glycine, an additional possible 
source of radioactivity in the purine fraction of Stage II. In these experi- 
ments only the radioactivity of the adenine was used in the estimate of 
the protein degradation rate constant, because the guanine values were 
much higher and the change in the total activities between samples from 
Stage I and Stage II was not statistically significant. As the fraction of 
glycine that enters these two substances is known, the omission of the 
guanine data could be corrected for. However, if any guanine was con- 
verted to adenine, the adenine values in Stage II would be increased, and 
this process would be magnified because of the high degree of labeling in 
the guanine compared to the adenine (see Table III). The increase in 
adenine during Stage II is so small that we may conclude that the growing 
bacteria do not convert nucleic acid guanine to nucleic acid adenine. The 
bacteria can convert exogenous guanine into adenine (4); therefore, it 
follows that the nucleic acids are not degraded. 

The data presented here constitute a more valid proof of this point 
than do the experiments on the retention of P*®? by labeled bacteria growing 
in unlabeled medium (22, 23), the retention of labeled purines by growing 
bacteria (24), or the finding that only a negligible fraction of the radio- 
activity originally associated with the purines of the bacteria is liberated 
into the medium (4). In these experiments the factor of cell wall perme- 
ability cannot be excluded. 

The conclusions of Hershey (23), that nucleic acids are not degraded in 
growing bacteria, have been confirmed and strengthened; in our exper'- 
ments, differential labeling of the nucleic acid purines would allow the 
detection of a smaller amount of nucleic acid degradation than could have 
been detected in his experiments in which the two types of nucleic acid 
had the same specific activity. 
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SUMMARY 


Cells of Escherichia coli were grown in a medium containing a labeled 
substance which was a potential precursor of both purine and protein. 
By the addition of non-isotopic purine to the growth medium, de novo 
synthesis of labeled purines was inhibited. When such cells were allowed 
to grow further in medium without radioactive precursor and without 
purine, the appearance of activity in the purine fraction was a measure of 
protein turnover in growing bacteria. Under these experimental condi- 
tions, it was found that degradation of protein in the growing bacterial 
cell, if it occurred at all, occurred at a very small rate. 
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The usefulness of the method of Aminoff, Morgan, and Watkins (1) for 
the estimation of N-acetylamino sugars is limited by interference resulting 
from susceptibility to minor variations in the pH of the sample and from 
the presence of sugars plus amino acids (1, 2) or magnesium ions. With 
the present method, as the result of substituting a concentrated borate 
buffer for the original carbonate buffer and introducing several concomitant 
changes, such limitations are largely overcome. Inaddition, the color yield 
is increased about 2-fold, and the time required for full color development 
is shortened from 13 hours to 20 minutes. The method has been applied 
ina number of analytical situations. 

An enhancing effect of borate upon color production had been noticed 
by Aminoff et al., who, however, did not take advantage of it in their stan- 
dard assay method. 


Materials and Methods 


Apparatus—Optical density of thesolution was measured with a Beckman 
quartz spectrophotometer (model DU), with Corex cells and a 1 em. light 
path. Wave-length calibration was performed with reference to the 656 
mu of the hydrogen lamp. <A further check on the calibration was af- 
forded by the location of an absorption band at 550 my in a solution of 
cytochrome c plus sodium dithionite. 

Reagents— 

Potassium tetraborate (Fisher Scientific Company). <A solution 0.8 m in 
borate is prepared, and the pH is adjusted to 9.1 with KOH (pH 8.9 when 
diluted 6-fold). For many of the experiments reported here, the borate 
was prepared by adding the calculated amount of KOH to a H;BO; solu- 
tion. The solution was then concentrated, and the crystalline mass was 
washed with cold water and dried. The pH was 9.2 (when diluted). 

p-Dimethylaminobenzaldehyde (DMAB) reagent. 10 gm. of DMAB 


*Similar methods were developed independently in Buenos Aires and Bethesda, 
and it was decided to combine experiences in a single publication. 
tJ. Alvarez, 1719. 
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(Eastman Kodak Company, Rochester, New York, or Amend Drug and 
Chemical Company, Inc., New York)! are dissolved in 100 ml. of analytic) 
reagent glacial acetic acid which contains 12.5 per cent (volume per vol. 
ume) 10 N HCl (analytical reagent). This reagent could be stored at % 
for a month without significant deterioration. Shortly before use it was 
diluted with 9 volumes of reagent grade glacial acetic acid. 

N-Acetylglucosamine. A commercial sample (Nutritional Biochemicals 
Corporation, Cleveland), which contained 5 to 10 per cent glucosamine, was 
purified by passing it through Dowex 50 H* and recrystallizing from the 
effluent according to White (3). Another sample was prepared from glv- 
cosamine hydrochloride as indicated by White (3) and purified as above. 

N-Acetylgalactosamine. Samples were kindly supplied by Dr. C. E. Car. 
dini (prepared according to Roseman and Ludowieg (4)) and Dr. S. Rose. 
man. 


Assay Procedure 


To the sample, blank and standard, each contained in a volume of 05 
ml. ina 13 X 100 mm. test-tube, 0.1 ml. of potassium tetraborate is added. 
The tubes are heated in a vigorously boiling water bath for exactly 3 min- 
utes and cooled in tap water. 3 ml. of DMAB reagent are then added, 
and, immediately after mixing, the tubes are placed in a bath at 36-38°. 
After precisely 20 minutes the tubes are cooled in tap water and read with- 
out delay at 544 or 585 mu. In the experiments to be reported, the wave- 
length 544 my was used (according to Aminoff et al. (1)) unless otherwise 
indicated. However, the wave-length 585 mp may be preferred, as some 
increase in sensitivity results at no disadvantage and the color due to 
interfering substances is considerably reduced at this wave-length. 

The method has been adapted to the semimicro and micro scales, with 
final volumes of 0.5 and 0.05 ml., respectively. Volumes of all reagents 
were proportionally reduced. Readings were made in cells of 5 and 1.5 mn. 
width, respectively (1 cm. light path), obtained from the Pyrocell Manv- 
facturing Company, New York. 

For comparison, the procedure of Aminoff ef al. (1) was carried out es- 
sentially as described, except that the final volume was reduced to 5.5 ml. 


Results 


Optimal Conditions for Color Production 


The production of color in this test depends upon two independent proc- 
esses: the formation of an intermediate compound, possibly a glucoxazo- 


1 With the present samples of DMAB, it was not necessary to recrystallize as 
indicated by Aminoff et al. (1). 
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line (1, 3, 5), formed by heating the acetylhexosamine with alkali, and the 
reaction of this intermediate with DMAB during the development of color 
in an acid medium. 

Borate Heating Step—The effects of varying the time of heating and the 
pH and concentration of the borate solution are depicted in Figs. 1, 2, and 
3 (Curve A), respectively. The optimal heating time is 3 minutes, and, if 
prolonged to 10 minutes, the color yield is reduced by 10 per cent. 

The optimal pH is 8.9. This is conveniently close to the pH at which 
borate has maximal buffering power (the pK for the dissociation of the 
first H+ in H3BQs is 9.2). 


OS+ 
fT 
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| 
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HEATING TIME (MINUTES) pH 


Fic. 1 Fig. 2 


Fic. 1. Effect of time of heating on color yield from 0.1 umole of acetylglucosamine 
assayed by the present method. 

Fig. 2. Effect of pH of the borate solution on color yield. The samples contained 
0.1 ml. of 0.8 m borate, 0.1 umole of acetylglucosamine, various amounts of HC] or 
KOH, and water to make up 0.6 ml. 


Color Development Step—The rate of color development is dependent 
upon the incubation temperature and also upon the acidity and the water 
content of the final mixture. At room temperature full color development 
requires 90 to 120 minutes. At 36-38°, as employed in this study, full 
color develops in 20 minutes (Fig. 4) and then begins to fade at a rate of 
1.5 per cent loss every 5 minutes. The loss can be brought down to 0.5 
per cent every 5 minutes by cooling to room temperature (22-25°). At 
higher temperatures (60° or 100°) color develops in a shorter time, but fades 
so rapidly as to make the use of these temperatures impractical. 

Borate concentration, above a certain threshold, has little effect on the 
formation of the intermediate compound (Fig. 3, Curve A), but the amount 
of borate does influence markedly color development (Curve B). If too 
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much borate is added to the sample, color development (both rate ang 
yield) is interfered with. Borate interferes with color development jy 
part, at least, because it lowers the acidity of the final mixture; the higher 
the HCI content of the DMAB reagent, the lower the borate interference 

The influence of each of the above variables on color intensity was fol. 
lowed quantitatively. It was concluded that the conditions chosen fo 
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Fic. 3, Effect of borate concentration on color yield from 0.1 wmole of N-acetyl- 
glucosamine assayed by the present method. For Curve A, the borate concentration 
was maintained only during heating at 100°, by using either less than 0.1 ml. of borate 
or less than 0.5 ml. of sample. Before the DMAB was added, the mixture was made 
up to standard conditions by adding either borate solution or water. For Curve B, 
borate was added initially up to the indicated concentration in a total volume of 
sample plus borate of 0.6 ml. 

Fic. 4. Rate of color development and fading with the present method. @ and 
A, samples kept throughout at 36°; O and A, placed at 22° after 20 minutes at 
36°. Upper curves, 0.1 umole of acetylglucosamine; lower curves, 0.06 umole. Zero 
time was taken as the time of addition of the DMAB reagent. The temperature 
was controlled by means of the thermostatic attachment on the spectrophotometer. 


the standard procedure are optimal and that deviations of 10 per cent in 
the volume of the sample, the borate solution, or the DMAB reagent have 
no effect on the assay besides that which results from fluctuations in the 
final volume. : 

Higher readings can be obtained by increasing the concentration of 
DMAB in the reagent (e.g., 5 per cent higher with a 30 per cent increase 
in concentration). This had also been noticed by Aminoff et al. (1) who, 
however, used one-fifth as much DMAB as is employed in the present test. 
They had to limit the DMAB concentration to avoid exceedingly high blank 
readings, a difficulty not encountered in our experiments with the borate 
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method. A higher DMAB concentration also widens the range in which 
optical density is proportional to the amount of acetylglucosamine. 


Sensitivity and Specificity 
Plots of the color given by standard solutions of N-acetylglucosamine and 
N-acetylgalactosamine are shown in Fig. 5. With acetylglucosamine there 
isa slight departure from linearity for quantities greater than 0.13 umole. 
The fem” for N-acetylglucosamine? ranges from 18,000 to 21,000 by the 
present procedure, and from 9000 to 10,000 with the method of Aminoff 


dal. Corresponding values for N-acetylgalactosamine are about 7400 
with the present method and 2100 with the method of Aminoff ed al. (35 


@ 


OPTICAL DENSITY 


01 0.2 03 03 O9 12 615 
MMOLES ACETYLGLUCOSAMINE MOLES ACETYLGALACTOSAMINE 


Fic. 5. Relationship between quantity of the acetylhexosamine and color yield. 
@,as assayed by the present method; O, by the method of Aminoff et al., performed 
ina final volume of 5.5 ml. 


and 21 per cent, respectively, of the color developed with N-acetylglucosa- 
mine). 

With the micromodification of this method, as little as 3 & 10~'° mole of 
acetylglucosamine can be determined. 

The N-acetylamino uronic acids of Park (6) have been reported to give 
2to 3 times the color yielded by N-acetylglucosamine in the original pro- 
cedure. However, with the present method the color given by these com- 
pounds is equivalent to that produced by N-acetylglucosamine.* With 
either method, N-acetylglucosamine-6-phosphate gives the same extinction 
coefficient that N-acetylglucosamine has at 544 and 585 mu‘ (7, 8). 


+e the molar extinction coefficient for the chromogen at the indicated wave- 
length and light path, has been calculated on the basis of the molarity in the final 
reaction volume of the substance being analyzed. Since the nature and the molarity 
of the colored compound are unknown, this value is not necessarily the extinction 
coefficient of the colored compound. 

*Strominger, J. L., in preparation. 

‘Reissig, J. L., in preparation. 
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Uridine diphosphate N-acetylglucosamine, uridine diphosphate N-aee. 
tylgalactosamine, and N-acetylglucosamine-l-phosphate fail to give the 
test unless they are previously hydrolyzed with acid. The nucleotides ¢ap 
be hydrolyzed by heating at 100° in 0.01 N acid for 15 minutes (9, 10), but 
the sugar phosphate requires more rigorous conditions, e.g. 5 minutes at 
100° in 0.1 


Interfering Substances 


Glucose Plus Lysine—The color produced in the original and in the pres. 
ent method by an equimolar mixture of glucose plus lysine (pH _ 10.8) was 
compared. The ratio of 3," for acetylglucosamine to €} en" for the glu- 
cose-lysine mixture is about 4500 by the present method and about 100 by 
the original method (for the glucose plus lysine concentrations used in the 
experiment of Fig. 6, which are not high enough to inhibit color develop. 
ment). With either method, the spectra® of the chromogens formed by 
the sugar plus amino acid mixture and by N-acetylamino sugars are dis. 
tinctly different (Fig. 6), as has been already reported by Aminoff et al, 
(1). At 585 mu the sugar plus amino acid interference is at its minimum. 
This is particularly marked in the borate method (Fig. 6), and the inter- 
ference is, therefore, greatly reduced. 

Magnesium Ions and Salts—The color given by acetylglucosamine in the 
present test is inhibited only 2 per cent by 0.03 M magnesium ions, but 67 
per cent in the original method. No inhibition was observed when the 
sample was made up in 1 M NaCl. 

Acids and Bases—The advantages of the higher buffering capacity af- 
forded by the borate in the new test are brought out by Fig. 7, inspection of 


5 However, Kuhn et al. (5) have recently reported that with the Morgan-Elson 
method not all 1 substituents require acid hydrolysis, and also that substitution at 
the 4 position abolishes the color reaction. Attention may also be directed to the 
fact that with the original procedure the reaction may be given by a number of 
N-acetyl-2-amino sugars of varying chain length, that N-acetyl can be replaced by 
other \-acyl groups, and that other compounds (chiefly pyrroles) give the reaction, 
although the characteristics of these reactions reportedly differ from the reaction 
given by N-acetylamino sugars. These data have been recently reviewed by Kent 
and Woodhouse (11). No attempt has been made to evaluate these factors by the 
present procedure. 

6 If the spectra reported here (Fig. 6), obtained both in Bethesda and in Buenos 
Aires, and those of Cabib et al. (9) are compared with the spectra presented by Ami- 
noff et al. (1), it will be noticed that they are shifted about 5 my relative to each 
other. We have no explanation to offer for this discrepancy, except that an inac- 
curate wave-length calibration of the spectrophotometer might be involved. Ifa 
spectrophotometer of greater band width is used in the assay of acetylglucosamine, 
the spectrum of the chromogen should be checked with that apparatus. The Cole- 
man junior spectrophotometer (model 6A), for instance, yields a spectrum with 4 
single maximum located at about 565 my. 
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which shows that in assaying acid-labile N-acetylhexosamine it is often un- 
necessary to neutralize the acid used for hydrolysis. 

Provision of Blanks—In dealing with crude biological materials, it is 
sometimes found that color is produced even if the sample has not been 
heated with borate. An appropriate blank, in which the 3 minute boiling 
is omitted, should then be included. 
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Fic. 6 Fia. 7 

Fic. 6. Absorption spectra of the color developed. @, present method; O, 
method of Aminoff et al. Molar extinction coefficients are plotted on the ordinates; 
the scale on the right and the solid lines correspond to the spectra of N-acetylglu- 
cosamine (0.2 umole assayed with the original method or 0.05 umole by the present 
method) ; the scale on the left and the dotted lines correspond to the spectra of lysine 
plus glucose (8 wmoles of each by the original method or 20 ymoles by the present 
one). 

Fig. 7. Effect of adding acid or base on color vield. @, present method (0.06 
umole); O, method of Aminoff et al. (0.2 umole). The N-acetylglucosamine and the 
acid or base added were contained in the standard sample volume (0.5 ml.) prior to 
heating with borate. The pH of the borate buffer (diluted plus sample volume) 
was 9.2. 


Applications of Method 


The method has been employed in a number of analytical situations: (a) 
Study of the enzymatic conversion of acetylglucosamine-1-phosphate into 
acetylglucosamine-6-phosphate (7). (b) Assay of the N-acetylglucosamine 
and N-acetylgalactosamine content of mixtures of uridine diphosphate 
acetylglucosamine and uridine diphosphate acetylgalactosamine. Pontis 


(10) has differentiated both acetylhexosamines, taking advantage of the 
fact that after deacetylation they give equivalent readings per mole in the 
Elson-Morgan (12) reaction, while acetylgalactosamine produces lower 
readings by the present test. 


Mixtures of standard solutions of both ace- 
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tylhexosamines give additive values by the present procedure. (c) Analy- 
ses of the amounts of easily hydrolyzable N-acetylamino sugars in crude 
extracts of animal and bacterial tissues. With the extracts of hen oviduct, 
rabbit liver, Staphylococcus aureus, and Lactobacillus helveticus 335 the va- 
lidity of the estimation was checked by chromatographing the extracts on 
anion exchange resins and estimating the recovery of N-acetylamino sugar- 
containing compounds. Recoveries were 85 to 95 per cent (13). The 
method was also satisfactorily employed for analysis of the effluents from 
the anion exchange columns (8). (d) The N-acetylamino sugars in the uri- 
dine nucleotides from S. aureus (6), yeast (9), and hen oviduct (8) have been 
estimated quantitatively. 


SUMMARY 


1. A modification of the method of Aminoff, Morgan, and Watkins for 
the estimation of N-acetylamino sugars has been described and compared 
with the original procedure. It is less time-consuming and affords en- 
hanced sensitivity, more stringent specificity, and less susceptibility to 
factors which might interfere with color development. 

2. With the present procedure the molar extinction coefficient of the 
chromogen (based on acetylhexosamine concentration) is about 21,000 for 
N-acetylglucosamine and about 7400 for N-acetylgalactosamine at the 
wave-length of maximal absorption (1 em. light path). With a micro- 
adaptation of the method 3 & 10-'’ mole of N-acetylglucosamine can be 
determined. 

3. Several applications of the method are described. 
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ACETATE-2-C" UTILIZATION IN DIETARY NECROTIC 
LIVER DEGENERATION* 


By MARVIN ROSECAN,t GERALD P. RODNAN,{ SIDNEY S. CHERNICK, 
AND KLAUS SCHWARZ 


(From the Clinical Investigations Branch and the Laboratory of Biochemistry and 
Nutrition, National Institute of Arthritis and Metabolic Diseses, 
National Institutes of Health, Bethesda, Marylan‘) 


(Received for publication, April 25, 1955) 


Necrotic liver degeneration is induced in experimental animals as a com- 
plex dietary deficiency; it is prevented by cystine, vitamin E, or Factor 3 
(1). Rats which have been kept on rations deficient in these three nutrients 
develop the fatal lesion suddenly, within a few hours or days, after an un- 
eventful latent period which, under our experimental conditions, lasts on 
the average 45 days (2).! The necrosis-producing diet used in these studies 
contains T’orula yeast as the sole source of protein. In a previous publica- 
tion, a distinct metabolic lesion has been described in livers of such animals 
which antedates the development of actual necrosis by several weeks (3): 
histologically normal liver slices from such rats can respire at normal rates 
in the Warburg apparatus for only 30 to 60 minutes; thereafter, oxygen 
consumption declines as the period of incubation proceeds. Supplementa- 
tion of the basal diet with either cystine, vitamin E, or Factor 3 preparations 
prevents not only necrotic liver degeneration (1) but also the development 
of the metabolic lesion (3). 

The present report deals with attempts to define further the defects of 
metabolism in the livers of rats fed the necrosis-producing diet. Three of 
the metabolic pathways of acetate, namely, ketogenesis, lipogenesis, and 
oxidation to COs, have been studied with the aid of acetate-2-C“%. Em- 
phasis was given to this approach by the observation that the acute terminal 
phase of dietary necrotic liver degeneration is precipitated within a few days 
in rats on the Torula diet when fat is given daily by stomach tube (4). 


* A preliminary report has appeared (Proc. Central Soc. Clin. Res., 27, 105 (1954)). 

t Present address, Department of Medicine, Washington University School of 
Medicine, St. Louis, Missouri. 

t Present address, Department of Medicine, University of Pittsburgh School of 
Medicine, Pittsburgh, Pennsylvania. 

! About 25 per cent of the rats dying from dietary necrotic liver degeneration show 
evidence of previous sublethal episodes of hepatic necrosis. The remainder succumb 
to the first acute episode. 
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EXPERIMENTAL 


Details concerning the care and feeding of the animals were reported pre- 
viously. Male, weanling Sprague-Dawley rats of the National Institutes 
of Health strain were maintained on the 30 per cent Torula yeast diet (2)2 
After 18 to 22 days, some groups of animals received 50 mg. of a-tocopherol] 
acetate per 100 gm. of diet. This amount of vitamin E prevents liver necro- 
sis as well as the metabolic defect (3). 

Incubation Procedures—Rats were sacrificed by decapitation. Their 
livers were rapidly removed and placed in cold Krebs’ phosphate buffer (5), 
pH 7.4. The portions of liver used for all determinations were free of evi- 
dence of liver disease. Slices approximately 0.5 mm. thick were prepared 
with a Stadie slicer, blotted, weighed, and about 200 mg. were transferred 
to Warburg vessels containing 2.5 cc. of the buffer and 0.3 ec. of a solution 
containing 8.82 umoles of sodium acetate-2-C™ in the main compartments, 
This small amount of acetate did not appreciably alter the rate of synthesis 
of acetoacetate. 

The side arm of the flask contained 0.2 ce. of 2.56 Nn HCl which was used 
to stop the reaction and to liberate CO, from the medium after the period 
of incubation. 

The center well contained 0.2 cc. of 33 per cent KOH and a roll of filter 
paper on which the respiratory CO, was absorbed. The gas phase was O,, 
and the temperature of incubation was 37.2°. The equilibration period was 
10 minutes; all values for zero time subsequently recorded represent those 
obtained at the end of the equilibration period. 

Analytical Procedures—<After the incubation, the Warburg flask was 
tipped to add the acid from the side arm to the main compartment. 10 
minutes were allowed for complete absorption of CQO, on the filter paper 
column. The flask was then opened and the alkaline absorption column 
transferred to a volumetric flask which was made to 25 ce. with H.O. To 
an aliquot of the K,C™“O; solution were added 50 mg. of Na2zCO; and 1 ee. 
of 1 per cent BaCl, solution. Radioactivity of the BaCO; was determined 
by the method of Entenman et al. (6). | 

The contents of the main compartment of the incubation flask were neu- 
tralized to phenolphthalein with 2.5 n NaOH, deproteinized with Ba(OH), 
plus ZnSO, (7), and centrifuged. The supernatant solution was then 
treated with basic lead acetate and NazgHPO, (7) and centrifuged to remove 
sugar and other organic substances which interfere with analyses. The 
combined precipitates were used for lipide analyses (see below). Total 
ketones, or acetoacetate alone, were then determined on the supernatant 


2 The basal diet contained 30 per cent Torula yeast, 59 per cent sucrose, 5 per cent 
vitamin E-free lard, 5 per cent salts, and 1 per cent vitamin mixture (2). 
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solution by the method of Greenberg and Lester (8) as modified by Michaels 
eal. (9). The 2,4-dinitrophenylhydrazone of acetone in CCl, solution was 
determined spectrophotometrically with the Beckman model DU at 420 mu. 

With the exception of the initial neutralization with NaOH, blood ketones 
were determined by the same procedures. In preliminary experiments, 
acetoacetate accounted for 63 per cent of the total blood ketones. Because 
of large contributions by 6-hydroxybutyrate, total blood ketones are re- 
ported. Under the conditions of the experiments with liver slices, aceto- 
acetate constituted virtually 100 per cent of the total ketones present ; there- 
fore, only acetoacetate is reported for the experiments in vitro. 

The C" content of the acetoacetate was determined by directly mounting 
an aliquot of the same CCl, solution of 2 ,4-dinitrophenylhydrazone used 
for the spectrophotometric determination. The mass contained on the 
planchet was always less than 0.5 mg. per sq. cm., which was considered 
zero mass; therefore, no correction for self-absorption was made. Radio- 
activity was detected by means of a thin window Geiger tube, and correc- 
tions were applied for coincidence loss and background counts. 

The specificity of this method for the determination of the C™ content of 
acetone derived from acetoacetate, which, in turn, was synthesized from 
the added acetate-2-C™, is shown by the following observations: When 
ketone formation in vitro did not occur, no C contamination of the isolated 
hydrazone was found. Furthermore, when glucose-C" or fructose-C™“ was 
substituted for acetate-C™ in experiments with livers of fed rats, the isolated 
2,4-dinitrophenylhydrazone contained no C™%, indicating the adequacy of 
the purification procedures. 

Since acetate-2-C"™ was employed in these studies, 95 per cent of the C™ 
should be in the 2 and 4 positions (CH2) of acetoacetate, and less than 5 per 
cent should be liberated from the terminal carboxyl of acetoacetate by 
thermal] decarboxylation and lost to analysis (10). 

The total lipides were extracted from the combined precipitates (see 
above) (11); aliquots of the final petroleum ether solution were used for the 
determination of total lipides by the method of Bragdon (12) and of choles- 
terol (13). C'* contents of the lipide fractions were also determined (6). 
Preliminary results indicated that cholesterol constituted between 5 and 10 
per cent of the total lipide fraction. With the basal and the vitamin E diet, 
the cholesterol-C" averaged 0.2 per cent of the acetate-C™ in the fed animals 
and 0.05 per cent in the fasted animals. This is essentially in agreement 
with the results of Tomkins and Chaikoff (14). 

Separate aliquots of liver were taken for nitrogen determination by the 
semimicro-Kjeldahl method and for the determination of glycogen by a 
modification of the method of Kohan (15). 
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Results 


Fasting Total Blood Ketones; Effect of Vitamin E Supplementation—Ten 
rats on the basal diet and twelve rats on the vitamin E-supplemented diet 
were divided into groups and fasted for periods of 42 and 56 hours, respec- 
tively. At each period (Fig. 1), the mean total blood ketone value for the 
rats fed the basal diet was significantly lower than that for the vitamin E- 
supplemented rats. For example, after 42 hours of fasting, the mean blood 
ketone value for the group supplemented with vitamin E was 32.2 mg. per 
cent and for that fed the basal diet, 11.5 mg. per cent (p <0.001). These 


42 HOURS FAST—~- 56 HOURS 
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Fic. 1. Kach point represents the total blood ketone on one fasting rat. The 
solid horizontal lines represent the mean total blood ketone, and the dotted lines 
are one standard deviation from the mean. The groups marked 7 were fed the 
basal Torula yeast diet and those designated F received the vitamin I-supplemented 
diet. 


results were suggestive of a defect in ketone body formation in the livers of 
rats fed the basal diet, possibly due to a defect in fatty acid oxidation. 

Studies in Vitro—Rats were fed the Torula yeast diet for 30 to 55 days, 
or the vitamin E-supplemented diet for 13 to 29 days after 18 days on the 
basal diet (total feeding period 32 to 55 days). No marked differences were 
found between the two groups in their body weights or in the liver content 
of lipide, nitrogen, or glycogen. The results of studies in vitro with these 
livers are recorded in Table I. The zero time of incubation was the end 
of the 10 minute equilibration period in the constant temperature bath. 
During this period, only small amounts of the added acetate-C™ were util- 
ized. 

Acetoacetate Formation—As was anticipated, the livers of fasted rats 
formed more acetoacetate during the period of incubation than did those of 
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fed animals. Comparisons of the capacity to form ketones, therefore, were 
made on the livers of fasted animals. The amount of acetoacetate present 
at each interval (Table I, Column 3) was less in the livers of all rats fed the 


TABLE I 
Acetoacetate Production and Acetate-2-C'* Utilization by Rat Liver Slices 
Each incubation flask contained about 0.2 gm. of slices, 2.5 cc. of phosphate 
buffer, and 0.3 cc. of acetate-2-C4 solution containing 8.82 uzmoles of sodium acetate. 
Gas phase O2; 37.2°. The results are averages of values obtained from two or three 
experiments and are expressed on the basis of 200 mg. of slices per flask. 


! 
Acetoacetate Added acetate-C™ recovered as 


Dietary treatment* sumed per 
Total | added CO: 
(1) (2) (3) (4) (5) (6) (7) (8) 
oer min. pmoles pmole per cent per cent per cent umoles 
Basal diet. Fed 0 0.13 0.01 0.17 0.06 0.0 
30 0.55 0.03 0.78 0.68 0.90 6.7 
60 0.54 0.05 1.15 0.64 1.26 4.6 
90 0.63 0.06 1.24 0.64 1.78 3.3 
120 0.78 0.06 1.42 0.62 1.78 1.3 
Fasted 18 hrs. 0 0.36 0.01 0.20 0.04 0.06 | 
30 1.01 0.07 1.51 0.10 0.85 9.2 
60 1.13 0.10 2.13 0.13 1.29 5.1 
90 0.98 0.11 2.42 0.11 1.63 2.1 
120 1.04 0.10 2.33 0.13 1.58 1.4 
Vitamin E-supple- 0 0.30 0.01 0.28 0.08 0.05 
mented (50 mg. 30 0.66 0.03 0.58 0.90 0.65 5.6 
%). Fed 60 0.95 0.06 1.30 1.10 1.50 5.7 
90 1.50 0.08 1.84 2.17 2.30 6.2 
120 1.34 0.10 2.19 3.01 3.21 6.0 
Fasted 18 hrs. 0 0.25 0.02 0.39 0.05 0.03 
| 30 2.19 0.19 4.23 | 0.26 0.97 8.5 
60 3.74 0.26 5.89 0.48 2.09 8.2 
90 4.70 0.34 7.63 0.73 3.00 8.0 
120 5.78 0.47 10.58 0.92 4.11 re 
Stock diet 0 0.22 0.01 0.2 | 
Fasted 18 hrs. 30 1.47 0.16 3.57 | 8.6 
60 2.34 0.30 6.70 8.7 
90 3.49 0.46 10.44 8.5 
120 4.69 0.57 12.98 8.5 


* The basal Torula yeast diet was fed for 30 to 55 days. TJorula yeast diet supple- 
mented with vitamin EF was fed for 13 to 29 days, after an initial period of 18 days 
on the basal diet (see the text). 

t The end of the equilibration period (10 minutes) was taken as zero time. 
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Torula yeast diet compared to the values for rats fed the diet supplemented 
with vitamin E. This was particularly striking in rats fasted for 18 hours. 
The amount of acetoacetate formed from the added acetate-C™ (Column 4) 
was only a small fraction of the total acetoacetate formed during incubation 
(generally less than 10 per cent). The source of most of the acetoacetate 
formed during incubation was presumably endogenous fatty acid oxidation, 

The per cent of added acetate-C™ recovered as acetoacetate at each incu- 
bation period is recorded in Column 5 of Table I. It is clear that the re- 
covery of C* in the acetoacetate fraction was greater in experiments with 
livers of fasted rats. Values for C™ incorporation into acetoacetate by 
liver slices from fasted rats previously fed the basal diet did not exceed 3 
per cent; those values for rats fasted after receiving the vitamin E-supple- 
mented diet averaged over 10 per cent of the added C™ after 2 hours of in- 
cubation. Another difference between these two groups of rats is in the 
duration of ketogenesis. In the livers of rats fed the basal diet, whether 
fasted or fed, acetoacetate synthesis had decreased markedly, whereas it 
continued for the duration of the experiment (120 minutes) in livers of the 
vitamin E-supplemented group. 

It is unlikely that an increased utilization of acetoacetate by liver slices 
of deficient rats could be the reason for this difference. Chen et al. (16) 
have shown that in livers from normal rats only a small percentage of the 
acetoacetate utilized is oxidized to CO, and that the largest amount is found 
in the lipide fractions. In the current studies, not only ketogenesis but also 
lipogenesis by liver slices from rats fed the Torula diet was markedly im- 
paired. 

Utilization of Acetate-2-C™ for Lipide and COz Formation—Recovery of 
C™ in the lipide fraction was greater in the experiments with the livers of 
fed animals. However, the livers of rats fed the basal diet had far less 
capacity to incorporate acetate into fatty acids than did those of rats receiv- 
ing vitamin E. Furthermore, as had been observed with Oz. consumption 
and acetoacetate formation, the duration of lipogenesis was much shorter 
in the liver of the deficient rat (Column 6, Table I). 

Differences between fed and fasted rats on each diet are less when oxida- 
tion of acetate to COs is considered. The greatest amount of CO, was 
found in experiments with livers of fasted rats that had received vitamin E. 
The percentage of acetate-C™ recovered at the 30 minute interval as C40, 
was approximately the same in all experiments (Column 7, Table I). By 
90 minutes, however, the failure of oxidation of acetate to CO, by livers of 
deficient rats was apparent. The difference in CO, recovered from 60 to 
90 minutes of incubation was about half the initial 30 minute value, whereas 
the values for livers of rats fed vitamin E supplements approximated their 
initial values. From 90 to 120 minutes, virtually no additional C™“O, was 
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formed by the deficient livers, while oxidation of acetate proceeded in the 
fasks containing liver slices from rats supplemented with vitamin E. 

Thus, the characteristic decline in O2 consumption of deficient livers (3) 
is reflected in a parallel decline of CO, formation, as well as in the cessation 
of acetoacetate synthesis and of lipogenesis from acetate-C*'. 

Effect of Intraportal Vitamin E Injection on Acetoacetate Production and 
Acetate-C' Utilization—The rats used in this experiment were fasted for 18 


TABLE II 
Intraportal Injection of Vitamin E and Utilization of Acetate-2-C'4 


See the text for a description of the experiments. Incubation conditions as in 
Table I. Results expressed on the basis of 200 mg. of slices per flask. 


Vitamin E | time after Total | Oz consumed 
intra- Incu- | aceto- 

lemulsion)*| Prepared vitro Lipide | | 30 min. 
days meg. min. min. pmoles | 'pmoles | pmoles 
1 Basal (26) 8 Before 120 | 0.76 | 1.81 0.11 0.89 9.5 | 0.8 
60 60 | 2.25 | 4.89 0.77 1.39' 9.8 | 8.4 
120 | 4.50 11.11, 3.52 9.6 9.2 
8 Before 120 | 1.35 | 1.02, 0.05 0.33 8.5 1.3 
| 10 60 | 3.18 2.40 0.08 1.41 7.0 | 7.0 
| | 120 | 5.20 | 4.17 0.28 2.85 7.9 6.9 
3, (26) 0 Before 120 | 0.56 | 0.29 0.04 0.40 7.9 1.6 
| 30 60 | 0.48 | 0.16) 0.02 0.13, 4.6 | 2.1 
| 120 | 0.35 | 0.22, 0.03 0.17 4.9 1.3 
33. Vitamin Et s Before | 120 | 3.70 | 3.17) 1.48 3.91 8.0 | 7.0 
| (13) 30 60 | 1.58 | 2.35, 0.92 1.88 7.9 | 7.2 
| | 120 3.41 | 5.26 2.18 3.27 7.2 | 6.7 


* The emulsion was freshly prepared from 0.5 cc. of olive oil which contained 0.4 
gm. of a-tocopherol, 100 mg. of glycerol monostearate, and 10 cc. of 5 per cent sucrose 
in water. Rat 3 received 0.2 ce. of emulsion without a-tocopherol. 

t Rat 33 was fed the basal diet for 18 days, which was then supplemented with 
vitamin Kk (50 mg. per cent). 


hours. Under Nembutal anesthesia, one lobe of the liver was ligated and 
excised, followed by the intraportal injection of 0.2 cc. of an emulsion of 
a-tocopherol in olive oil (8 mg. of vitamin E).* In control experiments, the 
vitamin E was omitted from the emulsion. At various intervals after in- 
jection of the emulsion, the animals were sacrificed, and their livers were 
sliced and incubated as described previously. Thus, each experiment was 
self-controlled with liver slices before and after the injection of vitamin E. 


3 The emulsion was freshly prepared from 0.5 cc. of olive oil, 100 mg. of glycerol 
monostearate, 0.4 gm. of dl-a-tocopherol, and 10 cc. of 5 per cent sucrose in water. 
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Before injection, the metabolic activity of liver slices from fasted rats 
that had been fed the Torula yeast diet corresponded to that previously 
described (Table II). 1 hour after the intraportal injection of vitamin E, 
the oxygen consumption, acetoacetate formation, and acetate-C" utilization 
had returned to the levels observed for the vitamin E-supplemented rats 
(Table I). As early as 10 minutes after the intraportal injection of the 
vitamin E, the oxygen consumption and acetoacetate formation had re- 
turned to normal, but acetate-C"™ utilization, although increased, had not 
reached the level usually observed in the dietary vitamin E-supplemented 
controls. The intraportal injection of the emulsion without vitamin E was 
without any effect. The intraportal injection of the vitamin E emulsion in 
a fasting rat previously fed the vitamin E-supplemented diet did not ap. 
preciably alter the activity of the liver beyond that of its preinjection con- 
trol. 


DISCUSSION 


Rats fed the basal Torula yeast diet, when fasted for 42 or 56 hours, did 
not increase their mean blood ketone value to the extent found in the group 
fed the basal diet plus vitamin E. These results could be due either to de- 
creased ketogenesis or to increased utilization of ketone bodies. That the 
former is the case is suggested by the observation that liver slices prepared 
from the fasted deficient rats formed far less acetoacetate during the 2 hour 
incubation period than did those from fasted vitamin E-supplemented ani- 
mals or fasted normal controls. The incorporation of C'4-labeled acetate 
into acetoacetate was also decreased in the slices of prenecrotic livers. The 
finding that lipogenesis was reduced in these slices supports the contention 
that increased utilization of ketones was not a factor in the results obtained. 

Prenecrotic liver slices from rats fed the necrogenic diet progressively fail 
in oxygen consumption after a brief period of normal oxygen uptake in the 
Warburg apparatus (3). Ketogenesis, lipogenesis, and oxidation to CO, 
appeared to be dependent on oxygen consumption; consequently the decline 
of O2 consumption in the deficient liver slices was accompanied by the failure 
of these three functions. The production of acetoacetate virtually ceased 
after 30 minutes of incubation, by which time the respiratory defect became 
manifest. Incorporation of C into lipides and CO, also decreased at this 
time. The addition of vitamin E to the diet or intraportal injection of vita- 
min E emulsions prevented the decline in oxygen consumption, as well as 
the failure of ketogenesis, lipogenesis, and CO, formation. Since such im- 
provement in acetate utilization did not occur without restoration of the 
respiratory defect to normal, the results suggest that the failure of acetate 
metabolism is secondary to the breakdown of oxidative metabolism de- 
scribed. 
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It is of interest to contrast the metabolism in vitro of acetate by the pre- 
necrotic liver with that reported for the livers of fasted (17) and diabetic 
(18) rats. The latter are characterized by their ability to form ketones and 
to oxidize acetate to COs, while largely lacking the capacity to synthesize 
fatty acids. The lesion in acetate metabolism described here for the defi- 
cient, prenecrotic liver slice, however, involves the three pathways of ace- 
tate investigated. 


SUMMARY 


1. Rats fed a vitamin E-free Torula yeast diet producing necrotic liver 
degeneration have fasting blood ketone values considerably lower than 
those of controls supplemented with vitamin E. 

2. The utilization of acetate-2-C™ for ketogenesis, lipogenesis, and oxida- 
tion was studied in livers of fasted and fed rats on the Torula yeast diet with 
and without supplementation of vitamin E. Slices, prepared from normal 
appearing areas of liver, were incubated in Krebs’ phosphate buffer contain- 
ing acetate-2-C™, and the recoveries of the C™ in acetoacetic acid, lipides, 
and CO. were measured at intervals up to 2 hours. The livers of rats fed 
the Torula yeast diet were characterized by a progressive failure of oxygen 
consumption, ketogenesis, lipogenesis, and oxidation of acetate to COs. 

3. Supplementation of the Torula yeast diet with vitamin E or the intra- 
portal injection of an emulsion of vitamin E restored oxygen consumption, 
ketogenesis, and utilization of acetate-C™ to normal. It is suggested that 
in dietary necrotic liver degeneration, as induced by the Torula yeast diet, 
the defects in acetate metabolism are secondary to the failure in oxidative 
metabolism previously described (3). 
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ON THE MECHANISM OF DEXTRAN FORMATION 
CHROMATOGRAPHIC STUDIES WITH C'-LABELED SUGARS* 


By ALBERT GOODMAN, ROGER M. WEIL,t anp KURT G. STERN 


(From the Department of Chemistry, Polytechnic Institute of Brooklyn, 
Brooklyn, New York) 


(Received for publication, March 18, 1955) 


Certain bacteria, e.g. Leuconostoc mesenteroides and related species, elabo- 
rate an enzyme, dextransucrase, which acts on sucrose to form dextrans, 
representing a-1,6-linked glucopyranose polymers, and free fructose. 
Hehre (1, 2) has demonstrated that this synthesis may also occur in cell- 
free systems. He postulated (3) that during the enzymatic reaction a 
glucosyl radical is split off from the substrate, sucrose, which can then at- 
tack the non-reducing end of a growing dextran chain. Although there is 
not yet direct evidence for such a “radical,” glucose in trace amounts has 
been detected in the reaction system (4). 

The present experiments were undertaken in an attempt to obtain in- 
formation on the mechanism of dextran synthesis with the aid of paper 
chromatography and C-labeled sugars. 


EXPERIMENTAL 
Materials and Methods 


Substrate—Stock solutions of sucrose were made up at an initial concen- 
tration of 10 per cent in 0.05 m acetate buffer, pH 5.0. When radioactive 
sucrose was employed, stable sucrose was added to adjust the total concen- 
tration to 10 per cent. The radioactive sucrose was uniformly labeled with 
C4 and had a specific activity of 0.6 uc. per mg. For most experiments 10 
mg. of C'4-sucrose were employed, since this activity was sufficient to give 
reproducible results both by means of direct counting and by autoradiog- 
raphy. 

Dextransucrase—All enzyme preparations were obtained from culture 
filtrates of L. mesenteroides, strain NRRL B-512, grown on a yeast or corn 
steep medium (5, 6). The enzyme was purified by ethanol precipitation 
and subsequent adsorption on calcium phosphate gel. The most active 
enzyme solutions showed an activity of 500 units per mg. of dry weight. 


* Some of the present data are taken from a thesis, to be submitted by one of the 
authors (A. G.) in partial fulfilment of the requirements for the degree of Doctor of 
Philosophy to the Polytechnic Institute of Brooklyn. 

t Present address, Research Department, National Lead Company, Brooklyn, 
New York. 
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1 dextransucrase unit is defined as the amount that will convert 1 mg. of 
sucrose per hour at 30° and pH 5.0 as determined by liberation of reducing 
sugar (fructose). Stock solutions containing 100 units per ml. in 0.05 x 
acetate buffer, pH 5.0, were employed in these experiments. 

Dextran Formation—All experiments were performed at 30° and at pH 
5.0. Equal volumes (0.1 to 1.0 ml. each) of the substrate and enzyme so- 
lutions were mixed rapidly and the time noted. From the enzyme concen- 
tration in the final reaction mixture, the time necessary for total conversion 
of the sucrose to dextran was estimated. The experiments were usually 
allowed to proceed somewhat longer to insure complete conversion.  Ali- 
quots of the reaction mixture were withdrawn by micro pipette for analysis 
by paper chromatography. In two of the experiments, the reaction was 
stopped by addition of an equal volume of hot 95 per cent ethanol. This 
precipitated the high molecular weight dextran which was separated by 
centrifugation in the angle head attachment of a refrigerated International 
centrifuge at 20,000 r.p.m. for 15 minutes. The dextran was washed sey- 
eral times withsmall portions of additional ethanol, and the wash fluids were 
added to the supernatant solution for concentration on a steam bath. The 
residue was then dissolved in 0.5 ml. of distilled water for chromatographic 
analysis. 

Chromatographic Technique—The method of descending chromatography 
was employed. 60cm. strips of Whatman No. 1 paper (10.5 em. in width) 
were used. The samples to be studied were applied to the strips 10 em. 
from one end in amounts of 10 wl. and irrigated with a solvent mixture 
(Solvent A) of n-butanol-pyridine-water (3:2:1 by volume) (7). Inonecase 
the irrigating solvent (B) was n-butanol-acetic acid-water (4:1:5 by vol- 
ume) (8). Since the Ry values for the sugars are similar, viz. sucrose 0.28, 
glucose 0.37, fructose 0.40 for Solvent A and 0.14, 0.18, 0.23, respectively, 
for Solvent B, the resolution was increased by employing the multiple de- 
scent technique of Jeanes, Wise, and Dimler (7) or by serrating the lower 
edge of the paper and allowing the solvent to drip uniformly from the tips. 
This expedient increases the effective length of the chromatogram by in- 
creasing the distance of migration of the spots. In both methods the direct 
determination of the Rr value for an unknown component is very difficult, 
and it is therefore preferable to cut out the area containing the unknown 
component, elute it, and rerun it separately on another paper strip in the 
usual manner. The experiments were performed in duplicate and the chro- 
matograms were developed (a) with aniline phthalate (9) for the detection 
of reducing sugars and (b) with urea-phosphoric acid! for the detection of 
fructose-containing saccharides. 


1 Personal communication from Dr. H. M. Tsuchiya, Northern Regional Utiliza- 
tion Research Branch, United States Department of Agriculture, Peoria, Illinois. 
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Radioactivity Measurements—Autoradiograms were prepared by placing 
sections of the chromatographic strips in contact with Kodak “no screen”’ 
x-ray films for 2 to 4 weeks, depending upon the radioactivity of the sugars 
employed. The film was processed in the usual manner and the opacity 
measured with a Photovolt densitometer, model 525. For direct counting, 
the chromatographic strips were divided into narrow segments, and their 
activity was determined directly with a thin end window Geiger-Miiller 
tube and an atomic scaler, mode! 1020A. From the counts obtained on the 
individual sections, curves were constructed relating relative activity to dis- 
tance of migration. 
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Fic. 1. Schematic representation of descending chromatograms obtained with 
n-butanol-pyridine-water (3:2:1 by volume) as solvent mixture. 


Action of Dextransucrase on Sucrose—10 mg. of C™ uniformly labeled 
sucrose in 0.1 ml. of the acetate buffer and 0.1 ml. of the enzyme solution 
were mixed as described above. 10 ul. aliquots were withdrawn at various 
intervals during the course of the reaction and applied directly to the chro- 
matographic paper. The samples were rapidly dried with the aid of an 
infra-red lamp. A schematic chromatogram is shown in Fig. 1. After 
chromatographing, autoradiograms were prepared and the strips assayed 
by direct counting. Curves relating relative activity to distance of migra- 
tion are presented in Figs. 2 and 3 for two different stages of the reaction. 
The most noteworthy feature of these autoradiograms is the presence of 
glucose and its increase with reaction time. This is further documented 
by Table I, which summarizes the results obtained on all samples withdrawn 
in the course of this experiment. It is seen that the glucose produced at 
66 per cent conversion amounts to 2.17 per cent of the total activity. 

The experiment was repeated with the addition of 10~ M silver nitrate to 
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This concentration is sufficient to inhibit (10) the 


action of any invertase that may be present as a contaminant in the dextran- 
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Fig. 2. Distribution of radioactivity on chromatogram obtained when 8 per cent 
of the sucrose-had been converted into dextran by the enzyme. 
Fic. 3. Distribution of radioactivity on chromatogram obtained when 95 per cent 
of the sucrose had been converted into dextran by the enzyme. 


TABLE 


I 


Formation of Glucose during Conversion of Sucrose to Dextran 


Time of reaction 


Sucrose converted 


Glucose formed 


per ceni 


10.36 


per cent 


sucrase preparation. 
first experiment. 


The results obtained were identical with those of the 
A close examination of the chromatograms indicates the 


presence of trace amounts of oligosaccharides; the first in the series having 
an R,y value identical with that of leucrose (11). 
identified. 


The others could not be 
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Effect of Low Molecular Weight Dextran on Reaction—10 mg. of C uni- 
formly labeled sucrose plus 2 mg. of low molecular weight dextran ({n] = 
0.10, molecular weight = 10,000) were dissolved in 0.1 ml. of buffer, and 
0.1 ml. of enzyme solution was added in the manner described above. — Ali- 
quots were withdrawn at various intervals during the reaction and chro- 
matograms and autoradiograms were prepared as described above. In ad- 
dition to the glucose, fructose, and sucrose spots, an oligosaccharide series 
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Fic. 4. Distribution of radioactivity on chromatograms as determined by optical 
density of the autoradiograms. Upper section, products obtained after 1 minute; 
lower section, products obtained after 60 minutes reaction time. Low molecular 
weight dextran added to substrate-enzyme mixture as ‘‘primer.”’ 


was obtained with a spot coinciding with the Re value of leucrose, its 
amount increasing with the time of reaction. The opacity of the auto- 
radiograms was determined. By way of example, the curves corresponding 
to two different stages of the reaction (1 and 60 minutes) are reproduced in 
Fig. 4. 

Effect of Glucose on Reaction—10 mg. of sucrose plus 10 mg. of C" uni- 
formly labeled glucose were dissolved in 0.1 ml. of the acetate buffer. To 
this was added 0.1 ml. of the enzyme solution. After 180 minutes, a 10 ul. 
aliquot was withdrawn and applied to the chromatographic paper. The 
balance of the reaction mixture was precipitated with hot ethanol as de- 
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scribed above, centrifuged, and the dextran separated from the supernatant 
solution containing the low molecular weight products. The dextran and 
the supernatant fluid were also chromatographed. As an internal standard, 
some radioactive glucose was added to one of the spots of the reaction mix- 
ture applied to the paper. Unfortunately, the only preparation of C™-glu- 
cose available to us was contaminated with a small amount of radioactive 
fructose. In addition to fructose and glucose spots, the autoradiogram 
shows distinctly an oligosaccharide series, in confirmation of previous ob- 
servations on stable glucose made by Koepsell e¢ al. (11). 


an oo 


OLIGOSACCHARIDE MONOSACCHARIDE 


SERIES SERIES | 
Y > DIRECTION OF MOVEMENT 
ORIGIN OF SOLVENT FRONT 


Fig. 5. Reproduction of positive print of an autoradiogram obtained from a 
chromatogram. a, reaction of sucrose in the presence of C'4-glucose (C!4-glucose 
added as internal standard); 6, same as a, but no extra C!!-glucose added as internal 
standard; c, hydrolysate of dextran obtained in the course of reaction a; d, products 
present in supernatant fluid from reaction a. L, levulose; G, glucose; F, fructose. 


Fig. 5 represents a photograph of the autoradiogram. The slight darken- 
ing at the point of origin where the dextran is retained is presumably due to 
traces of C'-glucose or oligosaccharides which have been adsorbed on the 
dextran. Mere washing of the dextran precipitates was found to be insufh- 
cient to remove this adsorbed material. However, when the dextran was 
redissolved and reprecipitated several times, its radioactivity decreased to 
zero upon direct counting with an end window Geiger-Miiller tube, thus 
indicating that no free glucose is incorporated into the dextran molecules. 

Preparation and Hydrolysis of C%-Labeled Dextran—10 mg. of C™ uni- 
formly labeled sucrose plus 40 mg. of sucrose were dissolved in 0.5 ml. of 
acetate buffer (0.05 mM, pH 5.0). To this was added 0.5 ml. of the dextran- 
sucrase solution. After 180 minutes a sample for chromatography was 
taken from the reaction mixture by micro pipette. The bulk of the solution 
was added to 2 ml. of hot ethanol to isolate the high molecular weight 
radioactive dextran formed. The precipitate was washed as described 
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previously. 1 ml. of 2 N HCl was added to the dextran precipitate, and 
the solution was allowed to remain at room temperature for 2 hours. The 
solution was then adjusted to pH 7.0 with dilute NaOH and the residual 
dextran precipitated with 2 volumes of 95 per cent ethanol. After centri- 
fugation the supernatant liquid was concentrated and chromatographed. 
The precipitate was dissolved again in 1 ml. of 2 N HCI and heated to 100° 
ina sealed tube overnight. After hydrolysis, the solution was neutralized 
and chromatograms and autoradiograms were prepared. The chromato- 
grams and autoradiograms show that cold hydrolysis does not seem to af- 
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Fic. 6. Unit step in the growth of a dextran molecule from sucrose, as catalyzed 
by dextransucrase (from Hehre (3)). 


fect the dextran materially, since no radioactivity could be detected in 
the supernatant fluid. The chromatogram obtained after hot acid hydrol- 
ysis shows that the major degradation product has the relative mobility 
of glucose (see Fig. 1). 


DISCUSSION 


The scheme for the enzymatic conversion of sucrose to dextran, as postu- 
lated by Hehre (3), implies an initial splitting of the substrate into fructose 
and a glucosyl residue. The latter links up with a glucose moiety at the 
non-reducing end of a growing dextran chain (see Fig. 6). 

This scheme makes no provision for the formation of free glucose, and, in 
fact, Hehre attributes the finding of glucose in the reaction mixture by 
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Forsyth and Webley (4) to a contamination of their enzyme preparation 
with invertase. The present experiments prove that glucose is a by-prod. 
uct of the enzymatic conversion of sucrose to dextran by dextransucrase, 
This is readily explained by assuming that ‘glucosyl radicals” are produced 
from sucrose under the influence of that enzyme. While most of these 
“radicals” will react with sucrose or the growing polymer chain to form 
dextran, a small number may be expected to react with water as the ac. 
ceptor to form stable glucose. The fact that glucose, when added to the 
system, is not incorporated into the dextran molecules to any detectable 
extent is further evidence that an active form (radical) of glucose is an in- 
termediate in the synthesis. The appearance of the oligosaccharide series 
in the autoradiograms confirms the findings of Koepsell et al. (11) that free 
glucose may act as a weak glucosyl acceptor. 

It would seem that sucrose may be acted on by enzymes in at least three 
different ways: (1) it may be split by invertase to yield stable glucose and 
fructose; (2) dextransucrase action leads to stable fructose and dextran via 
intermediate “glucosyl radicals;” and (3) levansucrase, conversely, produces 
stable glucose and levan through the production of “fructosyl radicals.” 
These “radicals’’ need not necessarily be released into the reaction medium, 
but they may remain attached to the enzyme until they are transferred to a 
suitable acceptor (water, sucrose, dextran, etc.) in a manner analogous to 
other transglucosidation reactions. The term “radical” is used here merely 
to denote reactive forms of the sugars concerned. 


SUMMARY 


The synthesis of dextran from sucrose as catalyzed by dextransucrase has 
been studied with the aid of C-labeled substrates. 

It was demonstrated by means of chromatography, followed by auto- 
radiography, that glucose is formed in the course of the reaction in small but 
increasing amounts as a function of time and sucrose conversion. 

The production of glucose as a by-product of dextran synthesis is ex- 
plained on the basis of the intermediate formation of “glucosyl radicals” 
from sucrose under the influence of the enzyme system. 

The ability of added glucose to act as a weak glucosyl acceptor has been 
confirmed. 


This investigation forms part of a research program conducted under the 
auspices of The Dextran Corporation, Yonkers, New York. It benefited 
greatly from the interest and encouragement shown by the late Dr. H. S. 
Paine, Director of Research and Development of that organization. Miss 
H. M. Lynch of The Dextran Corporation Laboratories kindly furnished 
the crude enzyme preparations employed as starting material. 
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Thanks are also due to Mr. W. Schaechter for assistance in the radioac- 
tivity determinations, to Mr. J. Pescatore for a gift of C'*-labeled sucrose, 
and to Dr. B. A. Silard for the loan of a Photovolt densitometer. 
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THE AMINO ACID REQUIREMENTS OF MAN 


XV. THE VALINE REQUIREMENT; SUMMARY AND FINAL 
OBSERVATIONS* 


By WILLIAM C. ROSE, ROBERT L. WIXOM,t HAINES B. LOCKHART,t 
AND G. FREDERICK LAMBERTS$ 


(From the Division of Biochemistry, Noyes Laboratory of Chemistry, University 
of Illinois, Urbana, Illinois) 


(Received for publication, June 8, 1955) 


Of the eight amino acids which are indispensable dietary components 
for adult man (1), minimal requirements, as measured by the maintenance 
of nitrogen equilibrium, have now been established for seven (2-6). Valine 
alone remains to be considered and is dealt with in the present paper. 
In addition, the results of the entire program are summarized herein, and 
a few general comments are submitted regarding the significance and 
possible usefulness of the data. Finally, brief reference is made to certain 
specific effects which are said to follow the exclusion of histidine or arginine 
from human dietaries. 


EXPERIMENTAL 


The general procedures followed in determining the valine requirement 
were analogous to those used in the preceding papers of this series (cf. (7, 
2)). Healthy young men served as the experimental subjects. The 
nitrogen of the diets was furnished by mixtures of highly purified amino 
acids, which were consumed in aqueous solution flavored with filtered 
lemon juice and sucrose. Wafers supplied most of the energy and all of 
the inorganic salts. The remainder of the rations consisted of suitable 
quantities of sucrose and butter fat and the customary vitamin supple- 
ments (cf. (7, 8)). Cellu flour, to provide a residue in the alimentary 


* Aided by grants from the Nutrition Foundation, Inc., the John Simon Guggen- 
heim Memorial Foundation, and the Graduate College Research Fund of the Uni- 
versity of Illinois. 

+t Present address, School of Medicine, University of Arkansas, Little Rock, 
Arkansas. 

t Some of the experimental data in this paper are taken from a thesis submitted 
by Haines B. Lockhart in partial fulfilment of the requirements for the degree of 
Doctor of Philosophy in Biochemistry in the Graduate College of the University of 
Illinois. Present address, Research Laboratories, Swift and Company, Chicago, 
Illinois. 

§ Present address, Nutrition Research Department, Abbott Laboratories, North 
Chicago, Illinois. 
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tract, was taken as a water suspension. One-third of the daily allotment 
of amino acids and other dietary components, except the vitamins, was 
consumed at each meal. The vitamins were taken once or twice each 
day. 

Five experiments were carried out. Two of these are detailed below, 
Subject P. D. S. received initially a diet composed of amino acid Mixture 
256 (the composition of which has been described in the preceding paper 
(9)), Wafers IV (10), 173.0 gm. of extra sucrose, and 21.3 gm. of extra 
butter fat. The initial diet of Subject F. T. S. had an identical composi- 
tion except that it contained 149.7 gm. of extra sucrose and 17.5 gm. of ex- 
tra butter fat. The daily allotment of amino acid Mixture 256 furnished 
9.70 gm. of nitrogen, of which 0.46 gm. originated in the pb isomers of 
valine, isoleucine, and threonine. Naturally, the nitrogen of the p-amino 
acids diminished as the pL-valine content of the ration was reduced, or 
the racemic compound was replaced by the L isomer, as will be indicated 
later. In each subject, the nitrogen intake from all sources amounted to 
10.07 gm. daily, of which 0.37 gm. was of an unknown nature. The latter 
was derived largely from the starch of the wafers and, in smaller amounts, 
from the butter fat and lemon juice, and the liver concentrate present in 
the vitamin supplements. The energy intake of each subject, based on 
his initial body weight, was 55 calories per kilo, and the ratio of calories 
derived from carbohydrates to those furnished by fats was maintained at 
2.6. Frequent tests of urine samples, before and after hydrolysis with 
acid, invariably demonstrated the absence of reducing materials. 

The results of the experiments upon Subjects P. D. S. and F. T. 8. are 
summarized in Table I. As will be observed, each young man showed a 
distinctly positive balance with the initial daily intake of 3.2 gm. of bL- 
valine. During the second period of each test, the pL-valine dosage was 
diminished by half, and an appropriate adjustment was made in the glycine 
content of the food in order thereby to maintain the total nitrogen intake 
at exactly 10.07 gm. daily. The figures for the second periods show that 
each subject experienced a decided retention of nitrogen at the 1.6 gm. 
level. This was also true of Subject P. D. 8. during the periods in which 
the daily doses of pi-valine were 1.4, 1.2, and 1.0 gm., respectively. How- 
ever, further reduction to 0.6 gm. per day occasioned a negative nitrogen 
balance, which was reversed during the penultimate period by increasing 
the intake to 0.8 gm. daily. Evidently, 0.8 gm. of the racemic amino 
acid was the smallest daily dose which was capable of maintaining nitrogen 
balance in this subject. With Subject F. T. 8., the findings were some- 
what different. The data show that he had a negative nitrogen balance 
with a daily intake of 1.0 gm. of pi-valine and a positive balance when the 
dosage was raised to 1.2 gm. Obviously, the latter level of the racemic 
acid represents his minimal daily requirement. 
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The effects of the optical isomers were tested during the final periods of 
the two experiments. For this purpose, each subject received daily an 
amount of L-valine which was equal to half his minimal requirement of 


TABLE I 
Valine Requirement of Man 
Period averages. 


| wee Average daily N | 
_, | Initial | Daily N output Average , 
bod | 
rine eces | 
Subject P. D.S. 
Gage | kg. gm. gm. gm. | gm. 
6 70.2 | 10.07 8.83 0.70 +0.54 3.2 gm. pL-valine 
6 | 10.07 | 856 0.77 40.74 1.6 
6 70.8 10.07 8.62 0.63  +0.82 14 
6 71.5 | 10.07 | 8.93 | 0.69 +0.45 
6 71.8 10.07 | 9.06 0.64 +0.37 1.0 
6 72.1 | 10.07 | 9.75 0.69 —0.37 0.6 
7 | 72.3 | 10.07 | 9.27 0.62 +40.18 0.8 « 
5 72.7 | 10.07 | 9.26 0.72 +0.09 0.4 ‘ L-valine 
Subject F. T. 8. 
6 67.3 10.07 | 9.03 0.70  +40.34 3.2 gm. piL-valine 
67.8 10.07 | 8.99 0.73 40.35 1.6 “ 
6 68.4 10.07 8.96 0.71 +0.40 1.4 
7 68.2 | 10.07 | 9.48 0.74 —0.15 1.0 “ “6 
6 68.8 | 10.07 | 9.18 0.73 | +0.16 12 “6 
6 68.9 10.07 9.21 0.76 +0.10 0.6 “ .-valine 
5 69.2. | 10.07 | 10.33 0.75 | —1.01 1.2 “ p-valine 


* The initial diets of Subjects P. D.S. and F. T. S. contained amino acid Mixture 
256. 

¢t On the 6th day of this period, the subject spilled about one-third of his daily 
allotment of the amino acid solution. A new portion of the dry mixture was weighed 
out, dissolved, and administered at the evening meal. In order to avoid any possi- 
ble error from this accident, the period was extended for 3 days, and the urines of the 
6th and 7th days were omitted from the averages. Had they been included, the 
average output of urinary total nitrogen would have been 8.94 instead of 8.99 gm. 
Obviously, this would not have affected the interpretation of the data. 


the racemic acid. It was reasoned that such a dose should be sufficient 
provided the p isomer had been devoid of activity during preceding periods. 
That this supposition was correct is revealed by the data in Table I. Both 
subjects remained in positive balance upon the respective intakes of the L 
isomer. At this point, it became necessary to discontinue the experiment 
upon Subject P. D. S. in order that he might keep an out of town commit- 
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ment. However, direct evidence in support of the inference that p-valine 
is unavailable for the maintenance of nitrogen equilibrium in man was 
obtained in the test upon Subject F. T. S. This young man received the 
D isomer during the last period in daily doses of 1.2 gm. As will be ob- 
served, he experienced a strongly negative balance, with an average daily 
loss of 1.01 gm. of nitrogen. Accompanying this condition were the usual 
symptoms of an amino acid deficiency, notably a severe failure in appetite 
and an increase in nervous irritability. 

The results of a third experiment (Subject C. O. S.), the details of which 
are omitted to conserve space, confirmed the data already described, 
Again, L-valine was found to possess twice the activity of the racemic amino 


TaBLe II 
Summary of t-Valine Experiments* 
Subject | Body weight Minimal daily requirement 
| ke. gm, 
H. B. L. | 64.0 0.7 
M. J. B. | 64.0 0.8 
F. T.S. | 67.3 0.6 
C.0.8. | 68.7 0.4 
P.D.S. 70.2 0.4 


* pL-Valine was first used in each experiment in measuring the requirement of the 
subject, after which the optical isomers were tested. L-Valine was administered to 
three subjects and found to possess twice the activity of the racemic compound. 
p-Valine was shown in four subjects to be devoid of measurable effect in the main- 
tenance of nitrogen balance. For these reasons, all of the above values are expressed 
in terms of the L-amino acid. 


acid, and p-valine was seen to exert no detectable influence. Furthermore, 
in two additional subjects (H. B. L. and M. J. B.), the daily ingestion of 
1.6 gm. of p-valine induced average nitrogen balances for the periods of 
—1.48 and —1.01 gm., respectively. On the basis of these observations, 
one is warranted in concluding that half the minimal daily requirement of 
an individual, as determined by the use of pL-valine, represents his minimal 
L-valine needs. 

In Table II are presented the results of the five valine experiments. 
For the reasons indicated above, all values are expressed in terms of the 
L isomer. One will observe that the minimal daily requirements ranged 
from 0.4 to 0.8 gm. This variability is of the order of magnitude of that 
observed with lysine (4) and leucine (6). As with each of the amino acids 
previously considered, no correlation was detected between the L-valine 
requirements of the subjects and their body weights, body surfaces, or 
creatinine output. This fact appears to indicate that the mass of active 
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protoplasm, though undoubtedly important in such measurements, is not 
the sole factor affecting the minimal needs of adult man for an essentia! 
amino acid. 

In conformity with the practice followed hitherto, and for the reasons 
previously discussed (2), the highest observed value, or 0.8 gm.., is tentatively 
regarded as the minimal daily L-valine requirement. Moreover, twice 
this amount, or 1.6 gm. of L-valine daily, is certainly a safe intake in the 
sense that, statistically, the odds are overwhelmingly against the proba- 
bility that an adult of the human species will ever be encountered in whom 
the minimal requirement is as large as, or larger than, twice the highest 
observed value herein recorded. Experience with many more individuals 
may prove eventually that this quantity may be lowered without sacrific- 
ing safety. 

Inasmuch as this paper concludes the series dealing with the quantita- 
tive requirements of man for the essential amino acids, the data accumu- 
lated in the entire program have been summarized and are presented in 
Table III. As will be observed, five or six experiments were conducted 
in most instances with each amino acid. Exceptions to this practice 
occurred in the tests involving tryptophan, threonine, and isoleucine. 
With respect to tryptophan and threonine, attention is called to the fact 
that many additional subjects were maintained in positive nitrogen balance 
upon diets containing smaller amounts of these amino acids than are repre- 
sented by their respective safe intakes (see the foot-notes to Table III). 
Obviously, the minimal requirements of these young men, though not actu- 
ally determined, could not have exceeded the quantities of tryptophan or 
threonine which they consumed. In the case of isoleucine, the values ob- 
tained in four subjects were remarkably uniform. In the light of this fact, 
the conduct of additional tests with isoleucine appeared less imperative 
than the procurement of further information concerning amino acids for 
which human requirements are less constant. 

A valid criticism of our program, and one which applies with equal force 
to most experiments in man, is the comparatively small sample of the hu- 
man race which can be subjected to quantitative study. The acquisition 
of data upon scores of individuals, as is accomplished frequently in experi- 
ments upon animals, would be highly desirable. Unfortunately, this is not 
practicable in nitrogen balance studies. In the course of our investigations, 
thirty-eight determinations of amino acid requirements have been com- 
pleted successfully, as shown in Table III. In addition, five quantitative 
experiments dealing with the sparing action of cystine (8) and tyrosine (9) 
on the methionine and phenylaJanine requirements, respectively, and two 
rather prolonged tests to be described in the next (and final) paper of this 
series, have now been consummated. These forty-five human experiments 
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have extended over a period of almost 12 years and represent an incredible 
expenditure of time and labor. Other experiments were undertaken, but 
were abandoned later, particularly during the first 2 or 3 years of the proj- 
ect. A factor which contributed to some of these misfortunes was a failure 


TaBLeE III 
Summary of Amino Acid Requirements of Man 


All values were determined with diets containing the eight essential amino acids 
and sufficient extra nitrogen to permit the synthesis of the non-essentials. 


Value No. of subjects 


No. of Range of Value which is maintained in 
Amino acid |quantitative| requirements meee definitely | N balance on 


experiments observed as minimum 


gm. per day | gm. per day| gm. per day 


L-Tryptophan.............. 3* 0.15-0.25 0.25 0.50 42 
L-Phenylalanine............ 6 0.80-1.10f 1.10 2.20 32 
6 0.40-0.80 0.80 1.60 37} 
L-Threonine................ 3§ 0.30-0.50 0.50 1.00 29 
L-Methionine............... 6 0.80-1 . 10)| 1.10 2.20 23 
eg 5 0.50-1.10 1.10 2.20 18 
L-Isoleucine................ 4 0.65-0.70 0.70 1.40 17 
5 0.40-0.80 0.80 1.60 33 


* Fifteen other young men were maintained in nitrogen balance on daily intakes 
of 0.20 gm., though their exact minimal needs were not established. Of the forty- 
two subjects maintained on the safe level of intake, thirty-three received 0.30 gm. 
daily or less. 

t These values were obtained with diets which were devoid of tyrosine. In two 
experiments, the presence of tyrosine in the food was shown to spare the phenyl- 
alanine requirement to the extent of 70 to 75 per cent (9). 

t Ten of these individuals received daily intakes of 0.80 gm. or less. 

§ In addition to these three subjects, four young men received rations containing 
0.60 gm. of L-threonine daily and sixteen others received doses of 0.80 gm. daily. 
No attempt was made to determine the exact minimal requirements of these twenty 
individuals, but all were in positive balance on the doses indicated. 

|| These values were determined with cystine-free diets. In three experiments, 
the presence of cystine was found to exert a sparing effect of 80 to 89 per cent upon 
the minimal methionine needs of the subjects (8). 


to appreciate fully the necessity of increasing the caloric intakes when amino 
acid diets are being consumed. In others, difficulty was encountered in 
inducing nitrogen equilibrium, within a reasonable time, because of the use 
of rations containing too much fat. Throughout, causes of unsuccessful 
experiments have been the monotony of the diets, the unattractive taste of 
the amino acid solutions, and the psychological inaptitude of certain sub- 
jects to endure the rigors of the experimental régimes. Such circumstances 
have induced a few young men to abandon tests before the intended objec- 
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tives had been attained. Thus, much experience had to be gained by us 
the hard way before rapid progress could be achieved. 

Despite the obstacles encountered and the limitations imposed by time 
and expense on the number of experiments, the data herein recorded are 
believed to approximate very closely the true minimal amino acid needs of 
man. One word of caution, however, should be repeated. Throughout 
this program, emphasis has been placed upon the fact that the minimal val- 
ues, as listed in the fourth column of Table III, should be viewed as tentative 
until experience demonstrates their applicability to a larger number of indi- 
viduals. Furthermore, since the possibility cannot be denied at the mo- 
ment that human adults, other than those tested, may have even higher 
requirements, the reader is advised that the safe intakes, rather than the 
minima, should be employed in formulating diets designed to exclude amino 
acid deficiencies. The adequacy of the safe intakes has now been substan- 
tiated in a fairly large group of subjects, as indicated by the figures in the 
sixth column of Table III. 

Several practical applications of the information summarized in Table 
III suggest themselves, but only one will be mentioned at this time. The 
data, if typical of male adults as we believe they are, should render it feas- 
ible, for the first time, to evaluate proteins or diets in terms of their ability 
to meet human requirements. Hitherto, such appraisals have been based 
upon animal tests. Differences of both a qualitative and a quantitative 
character are now recognized in the amino acid needs of man and animals; 
consequently, it does not follow necessarily that estimates of nutritive qual- 
ity which are based upon animal tests are applicable to human subjects. 
By reference to the figures in Table III it should be possible to predict with 
reasonable accuracy how much of a given protein or diet, if its content of 
amino acids is known, would insure the maintenance of nitrogen equilib- 
rium in the adult organism, provided a sufficient supply of extra nitrogen 
to cover the synthetic needs of the cells is already present in or is added to 
the food. Manifestly, in calculations of this kind, account must be taken 
of the digestibility of the materials under investigation. 

Before concluding this series of papers, brief reference should be made to 
two reports, the contents of which, though independent of the problem of 
nitrogen equilibrium, have an indirect bearing upon the amino acid require- 
ments of man. The reports in question describe certain effects which are 
said to follow the removal of histidine or arginine from the food of human 
subjects. More than a decade ago, Albanese et al. (11) stated that a histi- 


1In some instances, these figures are larger than the numbers of subjects men- 
tioned in the preceding papers as having been maintained on safe intakes. This 
discrepancy is due to the fact that additional experiments have been conducted 
during the past few months. 
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dine deficiency induces an increased ‘“‘indican reaction” in the urine, as 
measured by the Sharlit method (12), and the excretion of an abnormal 
metabolite which imparts a green rather than the usual lavender color under 
the conditions of the test. In an attempt to confirm these findings, one of 
our subjects consumed 3.29 gm. of histidine monohydrochloride monohy- 
drate daily for 7 days, and then excluded histidine from the food for the 
subsequent 25 days. Indoxyl compounds were determined each day by the 
Sharlit procedure. The average daily output with and without histidine 
amounted to 62 and 59 mg., respectively. A second subject received 3.29 
gm. of histidine monohydrochloride monohydrate daily for 25 days, and the 
histidine-free ration for the next 12 days. The chromogenic materials ex- 
creted on the two diets averaged 74 and 70 mg. per day, respectively. No 
suggestion of an abnormal color reaction was observed in either experiment. 

With respect to arginine, a report appeared in 1942 (13) to the effect that 
the administration to three human subjects of a diet devoid of this amino 
acid induced, on the 9th day of each test, a 90 per cent reduction in the num- 
ber of spermatozoa in the seminal fluid. Complete restoration of the counts 
is said to have necessitated the consumption of a normal ration for several 
weeks. It so happened that, when this report came to our attention, two 
graduate students in this laboratory had been ingesting arginine-free diets 
for 47 and 46 days, respectively. The alleged réle of this amino acid in 
spermatogenesis and the possible consequences which might result from a 
prolonged deprivation of it were alarming to say the least. The young 
men involved in our experiments were sent immediately to the clinic for 
examination by a urologist who was accustomed to making counts of this 
nature in his regular practice. The seminal fluid from one subject was 
found to contain 150 million spermatozoa per ce. The figure for the second 
subject was unusually high, and amounted to 373 million per cc. Motility 
was reported as normal in each case. Naturally, corresponding figures for 
these young men preceding the arginine-free régime were not available; 
therefore, a third subject was examined before and after being deprived of 
arginine for 64 days. The counts were 140 million and 181 million per cc., 
respectively. Obviously, the results of these tests do not support the origi- 
nal claim. 


SUMMARY 


The valine requirement, as measured by the nitrogen balance technique, 
has been determined in five normal young men. With pL-valine, the mini- 
mal daily intakes were found to be 0.8, 0.8, 1.2, 1.4, and 1.6 gm., respectively. 
Tests showed that L-valine possesses twice the activity of the racemic com- 
pound, and that p-valine is devoid of measurable influence upon the state 
of the nitrogen balance. In view of these observations, the values enumer- 
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ated above may be expressed in terms of L-valine as 0.4, 0.4, 0.6, 0.7, and 
0.8 gm., respectively. No correlation was detected between the valine 
needs of the subjects and their body weights, body surfaces, or creatinine 
output. 

In accordance with the practice followed with other essential amino acids, 
and for the reasons previously discussed, the highest observed value, or 0.8 
gm. of L-valine, is proposed tentatively as the minimal daily requirement of 
man. In formulating diets designed to exclude amino acid deficiencies, 
allowance should be made for the possibility that individuals other than 
those tested may have still higher needs. For this purpose, twice the high- 
est observed value, or 1.6 gm. of L-valine daily, is certainly a safe intake. 

The results obtained in all of the quantitative experiments with the eight 
amino acids which are essential for the maintenance of nitrogen equilibrium 
in adult man have been summarized and the possible application of the data 
has been indicated. 

Experiments with diets devoid of histidine or arginine have failed to con- 
firm the reports in the literature to the effect that a deficiency of the former 
leads to an increase in the urinary output of indoxyl compounds, and that 
the absence of the latter adversely affects spermatogenesis. 
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THE AMINO ACID REQUIREMENTS OF MAN 
XVI. THE ROLE OF THE NITROGEN INTAKE* 


By WILLIAM C. ROSE anp ROBERT L. WIXOMf 


(From the Division of Biochemistry, Noyes Laboratory of Chemistry, University 
of Illinois, Urbana, Illinois) 


(Received for publication, June 8, 1955) 


The preceding papers of this series have dealt with the classification of 
the amino acids as essential or non-essential components of the food of man 
(1-5), the réle of the caloric intake when amino acids serve as virtually the 
sole sources of nitrogen (6), and the quantitative amino acid needs of human 
subjects as measured by the maintenance of nitrogen equilibrium (7-15). 
One additional topic remains to be considered, namely the approximate 
amount of nitrogen which is required by the organism when safe intakes of 
the eight essentials are being consumed. 

Inasmuch as all of the studies previously described (1-15) have involved 
the use of diets containing a limited number of amino acids, care has been 
exercised constantly to insure the presence in the food of sufficient nitrogen 
to permit the synthesis by the organism of the missing amino acids. In the 
earlier experiments, this was accomplished by supplying rather liberal 
amounts of the essentials. Later, as the minimal human requirements were 
revealed, the quantities of the essentials were decreased, and, in their place, 
glycine and urea were incorporated in the food. Both of the latter com- 
pounds can be utilized by the growing rat for the purpose in question (16). 
No reason exists for doubting that in man they are capable of performing a 
like function. The present paper, which is the last of the series, is con- 
cerned with the quantity of this extra nitrogen which is necessary for the 
synthesis of the non-essential amino acids under the conditions specified 
above. 


EXPERIMENTAL 


In the conduct of the experiments, normal young men received diets con- 
taining twice the minimal levels (safe intakes) of the eight essential amino 
acids, as summarized elsewhere (15), together with sufficient extra nitrogen 


* Aided by grants from the Nutrition Foundation, Inc., and the Graduate College 
Research Fund of the University of Illinois. 

t The experimental data in this paper are taken from a thesis submitted by Rob- 
ert L. Wixom in partial fulfilment of the requirements for the degree of Doctor of 
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Present address, School of Medicine, University of Arkansas, Little Rock, Arkansas. 
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in the form of urea and glycine to provide initially a total daily intake of 
exactly 10.00 gm. After allowing time for a preliminary adjustment to the 
diet, the state of the nitrogen balance was determined for a period of 6 days, 
The nitrogen consumption was then progressively decreased, first by re- 
moving the urea from the ration, and then by excluding part of the glycine. 
Following each such alteration, 4 days were permitted for readjustment to 
the new régime, after which the nitrogen balance was again measured for a 
period of 6 days. This process was repeated until the minimal amount of 
nitrogen compatible with a distinctly positive balance was established. 


TABLE [ 
Composition and Daily Intakes of Amino Acid Mixture 
Mixture 271 
Component 
As used N content 
gm. gm. 
Lysine monohydrochloride.................. 2.00 0.31 
52.19 9.65T 


* Racemic acids. 
Tt Of the nitrogen contributed by this mixture, 0.46 gm. was derived from the p 
forms of valine, isoleucine, and threonine. 


Throughout each experiment, the intakes of essential amino acids and calo- 
ries remained unaltered. Indeed, the only variable from one period to 
another was the quantity of nitrogen consumed in the form of urea and 
glycine. | 

Two experiments were carried out. In each, the initial diet contained 
amino acid Mixture 271 (Table I), Wafers IV (6), and the customary vita- 
min supplements (cf. (1, 13)). In addition, Subject R. L. W. consumed 
312.3 gm. of sucrose and 44.1 gm. of butter fat daily. The corresponding 
quantities ingested by Subject G. A. P. were 156.8 and 18.7 gm., respec- 
tively. As will be seen from the data in Table I, Mixture 271 furnished 
each essential amino acid at twice its minimal required level, together with 
urea and glycine in amounts equivalent to 2.00 and 5.71 gm. of nitrogen, 
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respectively. The daily allotment of the mixture contained 9.65 gm. of 
nitrogen, of which 0.46 gm. was derived from the p isomers of valine, iso- 
leucine, and threonine. Of the total daily nitrogen intake (10.00 gm.) from 
all sources, 0.35 gm. was of an unknown nature. This was derived largely 
from the starch of the wafers, and in smaller amounts from the butter fat, 
lemon juice used as a flavoring agent for the amino acid solution, and the 
liver concentrate present in the vitamin supplements (cf. (1)). The energy 
intakes of the subjects, expressed in terms of their body weights at the be- 


TABLE II 
Approximate Nitrogen Requirement of Man 
Period averages. 


Average daily N 
| | ONY | Notes 
weight intake , balance 
Urine | Feces 
Subject R. L. W. 
days kg. gm. gm gm, gm. 
6 82.1 10.00 8.88 0.79 +0.33 
4 83.1 8.00 Adjustment period 
6 83.4 8.00 6.39 0.80 +0.81 
4 84.0 6.00 Adjustment period 
6 84.2 6.00 4.97 0.77 +0.26 
8T 84.7 4.00 Adjustment period 
6 85.3 4.00 3.08 0.75 +0.17 
4 86.0 3.00 Adjustment period 
6 86.1 3.00 2.52 0.79 —0.31 
4 86.5 3.50 Adjustment period 
6 87.3 3.50 2.59 0.76 +0.15 


* The initial diet contained amino acid Mixture 271. 
t The subject contracted a cold; consequently, this adjustment period was pro- 
longed until he had recovered. 


ginning of the first periods of the two experiments, were 54.9 and 54.1 calo- 
ries per kilo. As usual, the ratio of calories derived from carbohydrates to 
those originating in fats was maintained at 2.6. Frequent tests of urine 
samples, before and after hydrolysis with dilute acid, invariably showed the 
absence of reducing materials. 

The results of the experiment upon Subject R. L. W. are summarized in 
Table II. This young man had already participated in an earlier test in- 
volving the use of amino acid diets (13). As was anticipated, he showed a 
distinctly positive balance on the 10.00 gm. level of nitrogen intake. At 
the expiration of the first period, the nitrogen content of the ration was re- 
duced to 8.00 gm. daily by excluding urea from Mixture 271 (Table I). 
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During the subsequent 4 days, the urinary nitrogen output was determined 
each day, as was done throughout all of the adjustment periods, in order 
thereby to demonstrate to our own satisfaction that sufficient time was be- 
ing allowed for the reestablishment of nitrogen balance at the new level. 
Figures representing the nitrogen output during the adjustment periods are 
omitted since, for obvious reasons, they were decreasing. Under such cir- 
cumstances, averages would be meaningless. Following the 4 day interval, 
the state of the nitrogen balance was again measured for 6 days and was 
found to be strongly positive, thus providing unequivocal proof that a daily 
intake of 8.00 gm. of nitrogen was quite sufficient. This was true also of 
later periods, during which the total nitrogen content of the food was re- 
duced, first to 6.00 gm. and then to 4.00 gm. daily. However, decreasing 
the intake to 3.00 gm. daily resulted immediately in a negative balance. 
On each day of the period, a moderate loss of body nitrogen occurred, in- 
ducing thereby an average balance of —0.31 gm. This situation was re- 
versed during the final period, when 3.50 gm. of total nitrogen were con- 
sumed daily. Here also, perfectly consistent data were obtained. On each 
day, a slight retention of nitrogen occurred, and yielded an average for the 
6 days of +0.15 gm. Evidently, this intake (3.50 gm.) of nitrogen was the 
minimal amount which was capable of maintaining a positive balance in 
Subject R. L. W. under the conditions employed. 

The findings in the experiment upon Subject G. A. P. are presented in 
summary form in Table III. Throughout this test, precisely the same pro- 
cedures were followed as in the preceding experiment, and the results agreed 
remarkably with those already described. Examination of the data reveals 
that for this subject also a daily intake of 3.50 gm. of total nitrogen was the 
smallest amount compatible with a distinctly positive balance. The re- 
sponse to the increase in nitrogen intake from 3.00 to 3.50 gm. is of special 
interest. At the lower of the two levels, this subject, as was the case with 
Subject R. L. W., experienced each day a slight loss of body nitrogen. 
With the higher intake, the reverse was true; 72.e., a moderate retention of 
nitrogen occurred immediately and persisted throughout the period. One 
may affirm with confidence, therefore, that the relatively small difference 
in nitrogen dosage was sufficient to exert a highly significant alteration in 
the state of the balance, and that the minima as determined were surpris- 
ingly accurate and not the consequence of fortuitous circumstances. 

To appreciate fully the implications of the above experiments, one must 
first consider the sources and nature of the 3.50 gm. of nitrogen present in 
the daily rations consumed by the subjects during the final periods. In 
Table IV is shown the distribution of this element in the various food com- 
ponents. One will observe that 1.42 gm. originated in the effective amino 
acids. This term is intended to denote not only the L isomers of the eight 
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amino acids which are indispensable for adult man (5), but also p-methi- 
onine which appears to be metabolically interchangeable with t-methionine 
(11), and 0.50 gm. of p-phenylalanine which seems to be the approximate 
amount of this compound which can be inverted daily by human subjects 


TaBLeE III 
Approximate Nitrogen Requirement of Man 
Period averages. 


a Average daily N 
Period Daily N Notes* 
intake | balance 
Urine | Feces | 
Subject G. A. P. 
days kg. gm gm. gm. gm. 
6 67.6 | 10.00 8.80 0.60 +0.60 
4 68.0 8.00 Adjustment period 
6 68.1 8.00 6.67 0.60 +0.73 
4 68.5 6.00 Adjustment period 
6 68.2 6.00 4.93 0.61 +0.46 
4 68.9 4.00 Adjustment period 
6 68 .6 4.00 3.08 0.63 +0.29 
4 68.9 3.00 Adjustment period 
6 69.2 3.00 2.50 0.65 —0.15 
4 69.0 3.50 | Adjustment period 
6 | 69.4 | 3.50 | 2.75 | 0.60 | 40.15 


* The initial diet contained amino acid Mixture 271. 


TABLE IV 
Distribution of Nitrogen in Final Diets 
Component N content 
gm. 
Lemon juice (unknown nitrogen)........................02.5-. 0.05 
Vitamins (unknown nitrogen, chiefly from liver concentrate)... . 0.04 


* This includes the nitrogen of all L-amino acids, all p-methionine, and 0.5 gm. of 
p-phenylalanine (cf. (9)). 

+ This includes the nitrogen of the p isomers of valine, isoleucine, and threonine 
and 0.7 gm. of p-phenylalanine. 
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(9). Obviously, nitrogen from these sources is readily available for the uses 
of the organism. 

The second group of dietary constituents listed in Table 1V is designated 
as the ineffective amino acids, and includes the D isomers of valine, isoleucine, 
and threonine, and the remainder (0.7 gm.) of the p-phenylalanine. These 
compounds contributed a total of 0.52 gm. of nitrogen to the daily ration. 
One cannot exclude the possibility that a small amount of this may have 
played a useful réle; however, as shown elsewhere (15, 12, 11), the p forms 
of valine, isoleucine, and threonine are individually incapable of exerting a 
measurable effect upon nitrogen balance when the corresponding L enantio- 
morph is absent from the food. Furthermore, in connection with certain 
of the earlier experiments of this series, unpublished chromatographic tests 
demonstrated that these are precisely the amino acids which occur in great- 
est amounts in urine samples obtained from young men receiving diets simi- 
lar to those herein employed. Probably, the amino acids excreted under 
these circumstances are predominantly of the p configuration, although this 
has not been established unequivocally. On the basis of this and other 
indirect evidence, it seems not unreasonable to postulate that very little, if 
any, of the nitrogen of this group of compounds can be utilized by human 
subjects. 

Table IV reveals that the major part of the dietary nitrogen, other than 
that which was furnished by the effective amino acids, had its origin in 
glycine. The daily intake of the latter amino acid contained 1.21 gm. of 
nitrogen. All of this may be presumed to have been metabolized effica- 
ciously. With respect to the last three items listed in Table IV, little can 
be said. The starch and butter fat of the wafers, the lemon juice, and the 
liver concentrate present in the vitamin supplements furnished a total of 
0.35 gm. of nitrogen daily. As has already been pointed out, the nature of 
this nitrogen is unknown. Probably it represents in part traces of proteins 
and in part so called extractive materials. In any event, no information is 
available concerning the extent to which it may participate in body syn- 
thetic reactions. 

On several occasions in the past (17, 18), the suggestion has been made 
that a mixture of the essential amino acids, in which the quantity of each 
component is adjusted to the requirement of the organism for it, might 
prove to be the most effective source of nitrogen yet devised for the uses of 
the living organism. Evidence in support of this hypothesis appears to 
have been obtained in the above experiments. One cannot escape astonish- 
ment at the observation that 1.42 gm. of nitrogen in the form of the essen- 
tials, when appropriately supplemented with extra nitrogen for synthetic 
purposes, are a sufficient daily intake to maintain nitrogen equilibrium in 
adult man. However, 1.42 gm. are assuredly not a minimal quantity. 
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The fact must be recalled that amino acid Mixture 271 (Table I) contained 
each essential at twice the highest required level actually observed in the 
preceding studies of this series. If one were to undertake the herculean 
task of measuring, in a single individual, the need for each of the eight in- 
dispensable amino acids, using the L isomers only, the sum of the values so 
obtained would certainly represent a much smaller amount of nitrogen than 
the figure given above. 

In the present investigation, our interest has not been focused primarily 
on the requirements for the essential amino acids, or even on the problem 
of the lowest total nitrogen intake which is capable of maintaining nitrogen 
equilibrium. Rather, our purpose has been to ascertain the amount of 
nitrogen which is involved in the synthesis of the non-essentials. In this, 
our goal has been achieved only partially. The interpretation of the find- 
ings herein recorded is complicated by uncertainty with respect to the meta- 
bolic availability of the 0.35 gm. of unknown nitrogen present in the wafers, 
lemon juice, and liver concentrate, and by the want of explicit knowledge 
regarding the extent to which nitrogen present in excess quantities of the 
effective amino acids may have been diverted to the synthesis of the non- 
essentials. At least, the information acquired enables one to place upper 
and lower limits to the nitrogenous needs of man for the purposes in ques- 
tion, provided one is willing to concede that participation in these reactions 
by the nitrogen of the p-amino acids is quite unlikely. 

If one makes the improbable assumption that the minimal requirements 
of the subjects for each of the essential amino acids were identical with the 
lowest values observed in the preceding experiments of this series (cf. (15)), 
and that the nitrogen present in the remaining quantity of each essential, 
as well as that contributed by glycine and the last three groups of dietary 
components listed in Table IV, was completely utilized for synthetic pur- 
poses, the total amount involved would be 2.55 gm. daily. On the other 
hand, if one assumes that the essential amino acid requirements of the sub- 
jects corresponded to the highest values observed hitherto, but otherwise 
makes the postulates indicated above, the nitrogenous needs for synthetic 
purposes would be expressed by the figure 2.28 gm. daily. If the unknown 
dietary nitrogen were completely unavailable for the uses of the body, this 
would necessitate a reduction of each of the above figures by 0.35 gm. 
Probably, the true situation lies somewhere between the extremes of 2.55 
and 2.28 gm. In any event, the quantity of nitrogen thus needed is sur- 
prisingly small. 


SUMMARY 


Experiments have been conducted in normal young men for the purpose 
of ascertaining the approximate amount of nitrogen which is required for 
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the synthesis of the non-essential amino acids when the diet furnishes the 
eight essentials, each at its safe level of intake as defined in the preceding 
papers of this series. Attention is called to the remarkable efficiency of the 
nitrogen present in such a mixture, in which the proportion of each compo- 
nent is adjusted to the needs of the organism for it. A preparation of this 
character, when suitably supplemented with extra nitrogen, in the form of 
glycine, to provide a total daily intake of 3.50 gm., is sufficient to maintain 
nitrogen equilibrium. On the assumption that 0.35 gm. of unknown nitro- 
gen, in the form of contaminants of the starch and other dietary constit- 
uents, is utilizable, one may calculate that the minimal nitrogenous needs 
of man for the synthesis of the non-essential amino acids cannot exceed 2.55 
gm. daily, and probably is significantly less than this quantity. 
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Tobacco leaf culture, oxalate, succi- 
nate and, effect, Vickery, 83 


INDEX 


Cysteic acid: Papain, Aimmel, Thomp- 


son, and Smith, 151 
Cysteic acid peptide(s): Papain, Kimmel, 
Thompson, and Smith, 151 

D 


Decarboxylase: Tyrosine. See Tyrosine 
decarboxylase 
Dehydrogenase: Glyceraldehyde-3-phos- 
phate. See Glyceraldehyde-3-phos- 
phate dehydrogenase 
Succinic. See Succinic dehydrogenase 
Triosephosphate. See Triose phos- 
phate dehydrogenase 
Xanthine. See Xanthine dehydrogen- 
ase 
Deuterium: [xchange, diphosphopyri- 
dine nucleotide effect, San Pietro, 


589 
Dextran: Formation, mechanism, Good- 
man, Weil, and Stern, 977 


Diaminopurine: 2,6-, nucleoside synthe- 
sis, relation, Aorn and Buchanan, 

183 

Diphosphopyridine nucleotide: -Cyanide 
complex, chemical constitution, San 
Pietro, 579 
Deuterium exchange, effect, San Pietro, 
589 


E 


Electron transport: System, terminal, 
Green, Mii, and Kohout, 551 

Enzyme(s): Heme, porphyria, Sedormid, 
Schmid, Figen, and Schwartz, 


263 

Metallo-. See Metalloenzyme 
Nucleotide synthesis, Aorn, Remy, 
Wasilejko, and Buchanan, 875 
Oxalacetate synthesis, phospho- 
rylenolpyruvate and carbon dioxide 
relation, Bandurski, 137 


Oxidative, vitamin By, and fasting, 
effect, O’Dell, Gordon, Bruemmer, 


and Hogan, 625 

Phosphorylation, vitamin Bes. ana- 
logues, tyrosine decarboxylase, 
effect, Hurwitz, 513 
Respiratory. See Respiratory en- 
zyme 


Es 


F 
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Enzyme(s)—continued: 
Skin purine metabolism, Block and 
Johnson, 43 
See also Arginase, Aspartase, etc. 


Escherichia coli: Citritase, purification | 


and properties, Wheat and Ajl, 


SOT 
—, reaction mechanisms, Wheat and 
Ajl, 909 


Cultures, protein turnover, Koch and 
Levy, Q47 


Glycine incorporation, kinetics, Aoch, | 


931 
Ethanethiol: Pantoylamino-. See Pan- 
tovlaminoethanethiol 


Ethionine: Incorporation, proteins, 7 et- 


rahymena, Gross and Tarver, 169 

F 
Fasting: Ienzymes, oxidative, effect, 
O’Dell, Gordon, Bruemmer, and 
Hogan, 625 


Fatty acid(s): Bacterial lipides, deter- | 
mination, Hofmann, Hsiao, Henis, — 


and Panos, 49 
Essential, liver metabolism, réle, 7'ul- 
pule and Williams, 229 
Ester groups, phospholipides, deter- 
mination, photometric, Rapport and 
Alonzo, 193 
Metabolism, lipogenesis, hepatic, Lyon, 
Geyer, and Marshall, 757 
Fluoroacetyl coenzyme: A, Brady, 

213 


G 


Galactopyranosyl -N -acetyl - D-glucosa- 
mine: 4-O0-8-p-, synthesis, Lactoba- 
cillus bifidus, Zilliken, Smith, Rose, 
and Gyorgy, 79 

Glucosamine: 
N-acetvl-p-. See Galactopyranosyl- 
N-acetyl-p-glucosamine 

Glucose: Carbon 14-labeled, pectin from, 
hoysenberry, Seegmiller, Axelrod, 
and McCready, 765 

Glucuronidase: bacteria, Doyle, 
Katzman, and Doisy, 921 

Glucuronide: Nicotinic acid. See Nico- 
tinic acid glucuronide 


1015 


Glutamate: Fermentation, Clostridium 
tetanomorphum, tracer experiments, 
Wachsman and Barker, 695 

Glutamic acid: v-, utilization, Lactoba- 
cillus arabinosus, aspartic acid-resis- 
taunt, Camien and Dunn, 125 

L-, utilization, Lactobacillus arabino- 
sus, aspartic acid-resistant, Camien 
and Dunn, 125 

Glutamine: L-, utilization, Lactobacillus 

arabinosus, aspartic acid-resistant, 


Camien and Dunn, 125 
Glutathione-homocystine transhydro- 
genase: Racker, 867 


Glutathione reductase: Liver, Facker, 


855 

Yeast, Racker, 855 
Glyceraldehyde-3-phosphate dehydro- 
genase: Tissues, photosynthetic, 
Rosenberg and Arnon, 361 


Glycine: Carbon 14-labeled, metabolism, 
vitamin E effect, Dinning, Sime, and 


Day, 
Degradation, oxidative, Pseudomonas, 
Campbell, 669 


Incorporation, Escherichia coli, ki- 
neties, Koch, 931 
Glycoprotein: Urine, proteinuria, Po- 
penoe, 61 
Growth: Hormone, hypophysis, nitro- 
gen-terminal residues, Lery and Li, 


355 

Guanase: Skin, Block and Johnson, 
43 
Guanidine: Canavanine cleavage to, 


bacterial effect, Aihara, Prescott, 
and Snell, 497 


H 


Heart: Lecithin phosphatidal choline, 

Rapport and Alonzo, 199 

Hematin compound(s): Lipide, unsatu- 
rated, oxidation, effect, Tappel, 

721 

Heme: porphyria, Sedormid, 

Schmid, Figen, and Schwartz, 263 

Hexokinase: Yeust, reverse reaction ki- 


netics, Gamble and Najjar, 595 
Histidinal: 1-, histidine biosynthesis 
relation, Adams, 325 


Synthesis and properties, Adams, 317 


| 
l 
Oomp- 
15] 
imel, 
15] 
| 
hos- 
nase 
| 
yri- 
tro, 
589 
0d - 
977 
he- 
183 
ide 
san 
579 
tro, 
589 
| 
id, 
| 
263 
Yb) 
10- 
de 
37 
25 
a- 
| 


1016 


Histidine: Biosynthesis, L-histidinal re- 
lation, Adams, 325 
Homogentisic acid: p-Hydroxypheny|- 
pyruvic acid oxidation to, liver, La 
Du and Zannoni, 777 
Homoserine: Canavanine cleavage to, 
bacterial effect, Aihara, Prescott, 
and Snell, 497 
Hyaluronic acid: Vitreous body, Varga, 
651 
Hyaluronidase: Inhibitor, blood, isola- 
tion, Vewman, Berenson, Mathews, 
Goldwasser, and Dorfman, 31 
Hydrogenase: Glutathione-homocystine 
trans-. See Glutathione-homocys- 
tine transhydrogenase 
Hydroxyphenylpyruvic acid: p-, oxida- 
tion to homogentisic acid, liver, La 
Duand Zannoni, 777 
Hypophysis: See Pituitary 


I 


Indole: Anthranilic acid conversion to, 

isotopic study, Yanofsky, 345 
Inosinediphosphatase: Liver, Plaut, 

235 

Inositol: myo-, synthesis, in vivo, Halli- 


day and Anderson, 797 
Insulin: -Inactivating system, liver, 
Narahara, Tomizawa, Miller, and 
Williams, 675 
Tomizawa and Williams, O85 


K 


Ketosteroid(s): 16-, synthesis, Huffman, 
Lott, and Tillotson, 107 
Kinase: Hlexo-. See Hexokinase 


L 


Lactic acid: Bacteria, v-alanine, Snell, 
Radin, and Ikawa, S03 
Lactobacillus arabinosus: Aspartic acid- 
resistant, L- and p-glutamic acids 
and L-glutamine, utilization, Camien 
and Dunn, 125 
Lactobacillus bifidus: 4-O0-8-p-Galacto- 
pyranosyl -.N - acetyl -p - glucosamine 
svnthesis, Zilliken, Smith, Rose, and 
Gyorgy, 79 


Lecithin: Heart, phosphatidal choline, 
Rapport and Alonzo, 199 
Lipide(s): Bacteria, fatty acid deter- 
mination, Hofmann, Hsiao, Henis, 
and Panos, 49 
Phospho-. See Phospholipide 
Unsaturated, oxidation, hematin com. 
pounds, effect, Tappel, 721 
Lipogenesis: Hepatic, fatty acid metab- 
olism, Lyon, Geyer, and Marshall, 


757 

Liver: Amino acid-incorporating system, 
Ziegler and Melchior, 569 
Catalase, porphyria, Sedormid, 
Schmid, Figen, and Schwartz, 263 
Glutathione reductase, Racker, 855 


p-Hydroxyphenylpyruvie acid oxida- 
tion to homogentisic acid, La Du 
and Zannoni, 
Inosinediphosphatase, 235 
Insulin-inactivating system, Narahara, 
Tomizawa, Miller, and Williams, 
675 
Tomizawa and Williams, 685 
Lipogenesis, fatty acid metabolism, 


Lyon, Geyer, and Marshall, 757 
Metabolism, fatty acids, essential, 
role, Tulpule and Williams, 229 


Necrosis, dietary, acetate-2-C™ utili. 
zation, Rosecan, Rodnan, Chernick, 
and Schwarz, 967 

Necrotic, metabolic lesion, Chernick, 


Moc, Rodnan, and Schwarz, 829 
Nucleoside phosphorylase, purifies- 
tion, Korn and Buchanan, 183 


Phospholipide oxidation effeet, Mari- 
neltti and Stoltz, 745 
Ribonucleoprotein, Littlefield, Keller, 
Gross, and Zamecnik, 111 
Tyrosine oxidation system, La Du 


and Zannoni, 777 
Xanthine dehydrogenase, chicken, 
Remy, Richert, Doisy, Wells, and 
Westerfeld, 203 

M 
Metabolism: Lesion, liver, necrotic, 
Chernick, Moe, Rodnan, and Schwarz, 
829 


Metalloenzyme: Zinc, carboxypeptidase 
relation, Vallee and Neurath, 253 
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Metamorphosis: Amphibian, arginase, | Oxygen: Saturation, blood, determina- 


Dolphin and Frieden, 735 

—, biochemistry, Dolphin and Frieden, 

735 

Methyl-2-pyridone-5-carboxamide: .\-. 

excretion, Walters, Brown, Kathara, 

and Price, 489 

Mosaic: Tobacco, virus, iodine reaction 

with, Fraenkel-Conrat, 373 
Muscle: See also Heart 


N 


Nephrosis: Urine, aldosterone, Luetscher, 
Dowdy, Harvey, Neher, and Wettstein, 
505 
Niacin: Pyridine nucleotide formation, 
relation, Hayman, Shahinian, Wil- 
liams, and Elvehjem, 225 
Nicotinic acid glucuronide: Urine, van 
Eys, Touster, and Darby, 287 
Nitrogen: Intake, amino acid require- 
ments, réle, Rose and Wirom, 
997 
Nuclease: Ribo-. See Ribonuclease 
Nucleic acid: Ribo-. See Ribonucleic 
acid 
Nucleoside: Synthesis, 4-amino-5-imida 
zolecarboxamide, adenine, and 2,6- 


diaminopurine, relation, and 


Buchanan, 
Nucleoside phosphorylase: Liver, purifi- 

cation, Korn and Buchanan, 
Nucleotide(s): Diphosphopyridine. See 

Diphosphopyridine nucleotide 


Pyridine. See Pyridine nucleotide 
Synthesis, enzymatic, Korn, Remy, 
Wasilejko, and Buchanan, S75 


O 


Organic acid(s): Tobacco leaves, metab- 
olism, Vickery, 83 
Oxalacetate: Synthesis, enzymatic, 
phosphorylenolpyruvate and carbon 
dioxide relation, Bandurski, 
137 
Oxalate: Tobacco leaf culture, cyanide 
and, effect, Vickery, 83 
Oxidase: Sarcosine. See Sarcosine oxi- 
dase 


Xanthine. See Xanthine oxidase 


| 
| 
| 


tion, spectrophotometric, Tsao, 
Sethna, Sloan, and Wyngarden, 

479 

Utilization, phosphorylation, oxida- 

tive, Chance and Williams, 383 


P 


Pantetheine: Pantoylaminoethanethiol, 
relation, Borer, Shonk, Stoerk, Biel- 
inski, and Budzilovich, 541 

Pantothenic acid: Pantoylaminoethane- 
thiol, relation, Borer, Shonk, Stoerk, 
Bielinski, and Budzilovich, 541 

Pantoylaminoethanethiol: Pantothenic 
acid and pantetheine, relation, 
Boxer, Shonk, Stoerk, Bielinski, and 
Budzilovich, 541 

Papain: Crystalline, Aimmel, Thompson, 
and Smith, 151 

Cysteic acid, Kimmel, Thompson, and 
Smith, 151 
—— — peptides, Kimmel, Thompson, 
and Smith, 151 

Pea: Seedlings, amino acid incorpora- 

tion, ribonucleic acid effeets, Webster 


and Johnson, 641 
Pectin: Clucose-1-C' conversion to, 
bovsenberry, Seegmiller, Axelrod, 
and McCready, 765 


Peptidase: Carboxy.. See Carboxypep 
tidase 
Peptide(s): Chymotrypsinogen activa. 
tion, relation, Dreyer and Neurath, 
527 
Cysteie acid. See Cysteic acid pep- 
tide 
Phenylalanine: Requirement, tvrosine 
effect, Rose and Wizom, 5 
Phosphatase: Inosinedi-. See Inosine- 
diphosphatase 
Phosphatidal choline: Heart lecithin, 
Rapportand Alonzo, 199 
Phospholipide(s): Fatty acid ester 
groups, determination, photometric, 
Rapport and Alonzo, 193 
Oxidation, liver, effect, Marinetti and 


Stotz, 745 


Phosphoribosylpyrophosphate: a-5-, syn- 
thesis, enzymatic, utilization, Remy, 
Remy, and Buchanan, 
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1018 INDEX 
Phosphorylase: Nucleoside. See Nu- Purine(s)—continued: 
cleoside phosphorylase Metabolism enzymes, skin. Block and 


Phosphorylation: Enzymatic, vitamin B, 
analogues, tyrosine decarboxylase, 


effect, Hurwitz, 513 
Oxidative, enzymes, respiratory, 
Chance and Williams, 383, 395, 
409, 429 
Chance, Williams, Holmes, and Hig- 
gins, 439 
—-, mechanism, Chance, Williams, 
Holmes, and Higgins, 439 
—, oxygen utilization, Chance and 
Williams, 383 
——-, spectra, Chance and Williams, 
395 
Phosphorylenolpyruvate: Oxalacetate 
synthesis, enzymatic, relation, 
Bandurski, 137 


Photosynthesis: Tissue, gl vceraldehyde- 
3-phosphate dehydrogenase, Rosen - 
berg and Arnon, 361 

Pituitary: -Adrenal failure, riboflavin de- 
ficiency, Forker and Morgan, 659 

Girowth hormone, nitrogen-terminal 
residues, Levy and Li, 355 

Porphyria: Sedormid, liver catalase and 
heme enzymes, Schmid, Figen, and 
Schwartz, 263 

Protein(s): Glyvco-. See Glycoprotein 

Mobility -ionic 
retic, Saifer and Corey, 23 

Ribonucleo-. See Ribonucleoprotein 

Tetrahymena, ethionine incorporation, 
Gross and Tarver, 169 


Turnover, Escherichia coli cultures, 
Koch and Levy, 947 
Proteinuria: Urine, glycoprotein, Po- 
penoe, 61 
Protozoa: See also Tetrahymena 
Pseudomonas: Glycine degradation, 
oxidative, Campbell, 669 
Pseudomonas saccharophila: 
nose oxidation, Weimberg and 
Doudoroff, 607 
Purine(s): 2,6-Diamino-. See Diamino- 
purine 
Biosynthesis, Korn and Buchanan, 
183 
Korn, Remy, Wasilejko, and Bu- 
chanan, 875 
Remy, Remy, and Buchanan, 885 


strength, electropho- | 


Johnson, 43 
Pyridine: Acetyl-. See Acetylpyridine 
Pyridine nucleotide: Formation, trypto. 

phan, niacin, and 3-acetylpyridine, 

relation, Hayman, Shahinian, Wi!- 

liams, and Elvehjem, 225 
Pyruvate: Phosphorylenol-. See Phos. 

phorylenolpyruvate 


 Pyruvic acid: p-Hydroxyphenyl-. See 


Hydroxvphenylpyruvie acid 
R 


Reductase: Glutathione. 
one reductase 

Respiration: Carbon monoxide-inhib- 
ited, spectra, Castor and Chance, 

453 

Respiratory enzyme(s): Phosphoryla- 

tion, oxidative, Chance and Williams, 

383, 395, 409, 429 

grey Williams, Holmes, and Hig- 

439 

Pituitary-adrenal failure, 

relation, Forker and Morgan, 659 


See Glutathi- 


Ribonuclease: Substrates, synthetic, 
action, Davis and Allen, 13 

Ribonucleic acid: Pea seedling amino 
acid incorporation, effects, Webster 
and Johnson, 641 

Ribonucleoprotein: Liver, Littlefield, 
Keller, Gross, and Zamecnik, 


111 
Ribose: Carbon 14-labeled, metabolism, 
veast, Gibbs, Earl, and Ritchie, 


16] 

S 
Sarcosine oxidase: Binding sites, F'r/sell 
and Mackenzie, 275 


Sedormid: Porphyria, liver catalase and 
heme enzymes, Schmid, Figen, and 
Schwartz, 263 

Serine: Homo-. See Homoserine 

Skin: Guanase, Block and Johnson. 


43 
Purine metabolism enzymes, Block and 
Johnson, 43 


Sodium formate: Carbon 14-labeled, 


metabolism, vitamin E effect, Din- 
ning, Sime, and Day, 205 


line 


ine, 


225 
108- 
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Steroid(s): Keto-. See Ketosteroid 
16-Substituted, Huffman, Lott, and 


Tillotson, 103, 107 
A'’-, synthesis, Huffman. Lott, and 
Tillotson, 103 


Total free reducing, blood plasma, de- 
termination, Chen, Voegtli, and Free- 


man, 709 
Succinate: Cleavage, T'elrahymena, Sea- 
man and Naschke, l 
Tobaceo leaf culture, cyanide and, 
effect, Vickery, 83 
Succinic dehydrogenase: Green, Mii, and 
Kohout, 551 


Sugar(s): .V-Acetylamino, determina- 
tion, colorimetric, Reissig, Stromin- 
ger, and Leloir, 959 


T 


Tetrahymena: Proteins, ethionine in- 
corporation, Gross and Tarver, 


169 

Succinate cleavage, Seaman and 
Naschke, 1 
Thioamino acid(s): Cleavage, catalytic, 
Binkley and Bord, 67 
Tobacco: Leaves, organic acids, metabo- 
lism, Vickery, 83 

-, oxalate and cyanide solutions, cul- 
ture effect, Vickery, 83 

. Succinate and eyanide solutions, 
culture effect, Vickery, 83 
Mosaie virus, iodine reaction with, 

F raenkel-Conrat, 373 


Triosephosphate dehydrogenase: Car- 
boxyl groups, terminal, veast, Hal- 


sey and Neurath, 247 
Trypsinogen: Chymo-. See Chymotryp- 
sinogen 


Tryptophan: [Pyridine nucleotide for- 
mation, relation, Hayman, Shahin- 
ian, Williams, and Elvehjem, 225 

Tyrosine: Oxidation system, liver, La Du 


and Zannoni, 777 
Phenylalanine requirement, effect, 
Rose and Wirom, 95 


Tyrosine decarboxylase: Vitamin Bs 
analogues, phosphorylation, enzy- 


matic, effect, Hurwitz, 513 
Tyrosine-O-sulfate: Urine, Tallan, Bella, 
Stein, and Moore, 703 


U 
Urine: Glycoprotein, proteinuria, Po- 
penoe, 61 
Nephrosis, aldosterone, Lvuetscher, 
Dowdy, Harvey, Neher, and Wett- 
stein, 505 
Nicotinic acid glucuronide, van Eys, 
Touster, and Darby, 287 
Tyrosine-O-sulfate, Tallan, Bella, 
Stein, and Moore, 703 

Valine: Requirement, Rose, Wixom, 
Lockhart, and Lambert, 987 
Virus: Tobacco mosaic, iodine reaction 
with, Fraenkel-Conrat, 373 


Vitamin: B, analogues, phosphorylation, 
enzymatic, tyrosine decarboxylase, 
effect, 513 

Bis, enzymes, oxidative, effect, O’ Dell, 

Gordon, Bruemmer, and Hogan, 

625 

glycine-C'* metabolism, effect, 

Dinning, Sime, and Day, 205 

-—-, sodium formate-C™ metabolism, 
effect, Dinning, Sime, and Day, 

205 

Vitreous body: Hyaluronic acid, Varga, 

651 


xX 


Xanthine dehydrogenase: Liver, chicken, 
Remy, Richert, Doisy, Wells, and 


Westerfeld, 292 
Xanthine oxidase: Inhibitors, Doisy, 
Richert, and Westerfeld, 307 

Y 
Yeast: Glutathione reductase, Racker, 
855 
Hexokinase reverse reaction kinetics, 
Gamble and Najjar, 595 
Ribose-1-C'™ metabolism, Gibbs, Earl, 
and Ritchie, 161 


Triosephosphate dehydrogenase car- 
boxyl groups, terminal, Halsey and 
Neurath, 247 


Z 


Zinc: Metalloenzyme, carboxypeptidase 
relation, Vallee and Neurath, 253 
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